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ABSTRACT 

The Interactive Genetics Tutorial (IGT) project and 
the Intelligent Tu;-jring System for the IGT project named MENDEL 
supplement genetics instruction in biology courses by providing 
students with experience in designing, conducting, and evaluating 
genetics ej^ieriments. The MENDEL software is designed to: (1) 
simulate genetics experiments that students would face ir a "wet 
lab**; (2) give students advice on how to solve specific genetics 
problems; and (3) give problem-solving advice so that students would 
gradually build u^ a model of scientific inquiry. The MENDEL system 
described consists of a problem GENERATOR and expert problem SOLVER, 
several coaponents of a TUTOR that carry out an hypothesis checking 
strategy, and several interface options of the GENERATOR component 
through which all of the other systems components interact with the 
student, impended material includes: the definitic^s of terms used in 
MENDF^; a sample problem and the logic of the SOLVL.<; an example of 
an ideal justification in a tutoring system; and two research reports 
("MENDEL: An Intelligent Computer Tutoring System for Genetics 
Problem-Solving, Conjecturing, auid Understanding" and "High School 
Students* Prob lea-Solving Performance on Realistic Genetics 
Problems")* (KR) 



* Reproductions supplied by EDRS are the best that can be made 

* from the original document. 
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SUMMARY 

In the Interactive Genetics Tutorial (IGT) project, we have developed an 
Intelligent Tutoring System (MENDEL) to help biology students conduct transmission 
genetics experiments on a computer and receive advice regarding how to design such 
experinents, how to ^Ive genetics problems, and how to conduct scientific inquiry 
The final MENDEL -oftware system contains: a problem GENERATOR, an expert SrOLVER a 
student MODELER, an hypothesis CHECKER, a problem- solving ADVISOR, and graphic 
interface options of the GENERATOR. These components currently only support an 
hypothesis-checking tutoring strategy although modifications to these components 
are under way so that they support other tutorial strategies. 

Principal Investigator (s ) : 

Jim Stewart 

Dept. of Curric. & Instr. 
The University of Wisconsin 
225 North Mills Street 
Madison, Wisconsin 53706 
(608) 263-4638 

Project Reports and Products: 

MENDEL Software (written in GCLISP LM and runs on an IBM AT w/5mb) 
MENDEL Paper (See Appendix A) : 

Streibel, M.J., Stewart, J.H., Koedinger, K. , Collins, A., & Jungck, J.R. (1987). 
MENDEL: An intelligent computer tutoring system for genetics problem- 
laSr'lW-lSr*""^"*' understanding. Machine -Medi ated T.i>amfnj r 
MENDEL Research Report #1 (See Appendix B) : 

Collins, A., & Stewart, J.H. (1987). A description of strategic knowledge 
of experts solving realistic genetics problems. Department of 
Curriculum and Instruction, The University of Wisconsin. Madison. 
Wisconsin. April. 
MENDEL Research Report #2 (See Appendix C) : 

Slack, S.J., & Stewart, J.H. (1988). High school students' problem- solving 
performance on realistic genetics problems. Department of Curriculum 
and Instruction, The University of Wisconsin. Madison, Wisconsin. 
March. 

MENDEL Research Report #3: 

Stewart, J.H., Collins, A., & Streibel, M.J. (1987). 'todel-based problem 
solving as a basis for a philosophy of tutoring. Department of 
Curriculum and Instruction, The University of Wisconsin. Madison, 
Wisconsin. In Progress. 
MENDEL Research Report #4 (See Appendix D) : 

Stewart. J.H., & Dale, M. (1988). High school students' understanding of 
chromosome/gene behavior during meiosis. Department of Curriculum and 
Instruction, The University of Wisconsin. Madison, Wisconsin. March 
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EXECUTIVE SUMMARY 
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225 North Mills Street 
Madison^ Wisconsin 53706 

Project Director (s) : 
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(608) 263-4638 
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A. Project Ororview 

The Interactive Genetics Tutorial (IGT) project began as an attempt to 
incorporate research on genetics problem solving into a computer environment so 
that sv:u«Ienta could conduct transmission genetics experiments and receive advice 
from the con^uter on how to design sxich ^experiments , solve genetics problems, and 
conduct scientific inquiry. The original environment was to have Included an 
Interactive video* component but this was dropped because of the large development 
costs and because most of the anticipated instructional benefits could be handled 
by computational means (e.g., computer^generated visuals). The resulting 
Intelligent Tutoring System for the IGT project was named MENDEL* 



B. Fre^eet Purpoae 

The IGT project and MENDEL software supplement genetics instruction in biology 
cotirses from high school to early graduate school by providing students with 
exgerience in designing, conducting, and evalxiating genetics experiments* Tnis is 
slgniflc;ait as students rarely have the opportunity to experience realistic 
genetics problem solving. Tho MENDEL software (the GENERATOR component) was 
therefore designed to simulate those kinds of genetics experiments that students 
would face in a "wet lab". The MENDEL software was also designed to give students 
advice on how to solve the specific problems that they were facing. This required 
that the software Include an expert SOLVER, capable of solving those same problems. 
Finally, the MENDEL software was designed to give problem* solving advice so that 
students would gradually build up a model of scientific inquiry. This required 
that the MENDEL software contain a tutor or advl& r that was guided by a tutorial 
strategy. Because of the complexity of st;ich a comporwent and the lack of relevant 
research findings in this area, the MENDEL software only Instantiated one tutorial 
problem* solving strategy that of helping students check their hypotheses* 
However, a general model of scientific Inquiry was incorporated into MENDEL so that 
other tutorial strategies could eventually be Included. 
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C. Project Background and Ort^ins 

Commissions that have examined the status of US science education have been 
critical and have noted the discrepancies between the problem- solving activities of 
students and those of scientists (National Academy of Science, 1982), Furthermore, 
researchers have claimed that many college students, even after successfully 
completing science courses, did |i2£ have r \ adequate understanding of appropriate 
concepts and problem solving procedures (*-arkin et al., 1980). And finally, 
researchers who have examined the effectiveness of problem- solving software have 
fotrnd that such programs have limited succe'ss although real potential --in 
improving the learning and performance of students (Kulik et al., 1980, 1983). 

These critics and researchers have concluded that, although problem solving was a 
necessary component of science education, more problem solving Eej; was not 
sufficient. Problem solving, they concluded, must preserve and reveal the 
complexity of the domain that it addressed and foster understanding (Frederickson, 
1984) . These conclusion? led us to propose a genetics experimentation environment 
that would remain true to the complexity of the content of genetics as well as true 
to the processes of problem solving and designing experiments in this domain. Our 
initial goal was to create a genetics experimentation environment that permitted 
students to design and evaluate genetics experiments ^nji to receive advice about 
each stage of the process. We have succeeded in achieving the first half of our 
goal. However, because of the complexity of specifying all the conditions and 
actions for tutoring, we reformulated the second half of our original goal and 
focused more on helping students structure their genrt tcs knowledge and on coaching 
students on their problem solving and experimentation activities. Hence, we have 
only instantiated an hypothesis -checking tutorial strategy in our computer 
environment. 



D. Project Description 

The current MENDEL system consists of a complete problem GENERATOR and expert 
problem SOLVER, several components of a TUTOR that carry out an hypothesis checking 
strategy (e j. , an hypothesis CHECKER, a student MODELER, and an ADVISOR) and 
finally several interface options of the GENERATOR component through which all of 
whe other systems components interact with the student. 

E. Prelect Reault^ 

One of the significant results of the project is the increase in cooperation 
between our department (Curriculum & Instruction) and the departments of Computer 
Science, Zoology and Genetics. In addition, the IGT project has had an effect on a 
national biology education project, BioQUEST, a consortium that is developing a 
university freshmen biology course around 15-18 biology simulation programs. Our 
link with BioQUEST will allow us to influence a national sof<-^7are development 
project that has the potential to have a positive effect on biology education. 
Another effect of the project has been on high school genetics education. This has 
occurred because of the number of high school biology teachers (over 100 in the 
past tv^ years) that we have worked with in summer institutes. By using the 
GENERAl>,xC we have been able to help them think differently about the teaching of 
genetics. 

We have disseminated the results of the project via paper presentations, journal 
articles and technical reports (a complete listing of these dissemination 
activities can be found in Appendices A-D). In addition, we are disseminating the 
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GENERATOR through the University of Wisconsin UlSCware organization. By making the 
GENERATOR available in this format, the philosophy that underlies the IGT project 
will be disseminated more widely than can the MENDEL program. 

We have evaluated the component parts of the IGT» particularly the GENERATOR, 
SOLVER, and hypothesis entry facility for the goodness of fit to genetics. This 
has been done by involving geneticists as evaluators. In addition, the GENERATOR 
has been extensively used with both university and high school students. This work 
has served as a formative evaluation that has provided us with insights for 
revising the GENERATOR. 

Because of the unanticipated length of time that it took to develop the 
GENERATOR, the expert SOLVER, and the hypothesis entry facility we have been unable 
to do a sunuaative evaluation of the entire MENDEL system. We have however, 
submitted a proposal to NSF to al7ow us to complete work on MENDEL including a 
thorough evaluation of student use of it. We expect to begin this phase of the 
project in the Fall of 1988. 

F. prfflf^t g^miflry conclusions 

Some of the most important insights we have gained have been about the teaching 
and learning of genetics these now influence our thinking outside the IGT 
project. Foremost among these have been insights about the organization and 
structure of genetics that are necessary to facilitate model -based problem solving. 
We have found it interesting that these insights are not made explicit in 
university genetics instruction. A second insight has been the realization of the 
isrportance of having students solve realistic genetics problems of the type 
produced by the GENERATOR. By solving such problems, students engage in the 3P*s 
of science education (Peterson & Jungck, et.al., 1988} problem posing, problem 
solving, and persuasion of peers. 

A second category of insights relate to our growing understanding of the role 
that tutoring systems, specifically MENDEL, might have for classrooms in the 
immediate future. Early in the project we realized the difficulty of specifying 
all of the possible conditions and actions that the TUTOR might take in our 
unstructured problem- solving environment. Therefore we have focused more on 
helping students structure their genetics knowledge and on coaching students on 
their problem solving and experimentation activities. What all of this has meant 
is that we have come to be more concerned about the role of instructors in the 
MENDEL system. A related insight is that we now feel that it is possible to 
provide a greac deal of **tutoring*' via the tools that we provide students to use. 

Another insight that we have gained that should be of value to others interested 
in our software is the need to spend extended periods of time with potential users 
the software. 
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FIHAL REPORT 



The Interactive Genetics Tutorial (IGT) project began as an attempt to 
Incorporate current research on genetics problem solving Into a computer 
environment so that students could conduct transmission genetics experiments and 
receive Intelligent advice from the computer on how to design such experiments, 
solve genetics problems, and conduct scientific Inquiry. The original environment 
was to have Included ^ari Interactive video component but this aspect of the project 
was dropped because of the large development costs (e.g., $100,000. for half an 
hour of Interactive video) and because most of the anticipated Instructional 
\ benefits could be handled as computer •generated visuals. The resulting Intelligent 
Tutoring System for the IGT project was called MENDEL In honor of Gregor Mendel, 
the originator of transmission genetics. 

B. Prolect Purpose 

The IGT project and resulting MENDEL software supplements the Instruction of 
students In biology coxirses from high school to early gradixate school by providing 
students with a laboratory experience In designing, conducting, and evaluating 
genetics experiments. This is significant as these students rarely have the 
opporttmlty to experience realistic genetics problem solving. The MENDEL software 
(the GENERATOR component) was designed to simulate those kinds of genetics 
experiments that students would face in a "wet lab". The MENDEL software was also 
designed to give students advice on how to solve the specific problems that they 
were facing. This required that the MENDEL system contain an expert SOLVER 
component capable of solving these same problems. Finally, the MENDEL software was 
designed to give general problem-solving advice so that students would gradually 
build up a model of scientific inquiry out of many problem*solvlng experiences. 
This required that the MENDEL software contain a tutor or advisor that was guided 
by a tutorial strategy. Because of the complexity of such a component and the lack 
of relevant research findings in this area, the MEND'oLi software only instantiated 
one tutorial problem- solving strategy that of helping students check their 
hypotheses. However, a general model of scientific inquiry was Incorporated into 
MENDEL to allow other tutorial strategies to be added at a later date. 

C. Project Background and Ortgina 

Conmissions that have examined the status of US science education have been 
critical and have noted the discrepancies between high school and university 
science activities and the problem -solving activities of scientists (National 
Academy of fcience, 1982). Furthermore, researchers have claimed that many college 
students, even after successfully completing science courses, lacked an adequate 
understanding of appropriate concepts and problem solving procedures (Larkln et 
al*, 1980)* And finally, researchers who have examined the effectiveness of 
problem-solving software have foimd that such programs have limited success, 
although real potential, for impro*7ing student learning (Kullk et al., 1980, 1983). 

These critics and researchers have concluded that, although problem solving was a 
necessary component of science education, more problem solving per se was not 
sufficient -- it mt\st preserve and reveal the complexity of the domain that it 
addressed and foster imderstfinding (Frederlckson, 1984). These conclusions led us 
to propose a genetics experimentaClon environment that would remain true to the 
complexity of the content and problem- solving processes of transmission genetics. 




Our initial goal was to create a genetics experimentation environment that 
permitted students to design and evaluate genetics experiments and to receive 
advice about each stage of the process. We have succeeded in achieving the first 
half of our goal. However, because of the complexity of, specifying all the 
conditions and actions for tutoring we reformulated the second half of our original 
goal and focused more on helping students structure their genetics knowledge and on 
coachiny students on their problem solving and experimenta^ion activities. Hence, 
we have only instantiated an hypo thesis -checking tutorial strategy ia our computer 
environment* This strategy compares the student's and the SOLVER'S h3^othesls on 
five dimensions. In doing this we have made both a pragmatic choice and a 
theoretical choice. 

The pragmatic choice means that we have been able to create a working system 
which addresses some but not all of the issues Involved in - sing computers to tutor 
students in genetics. The theoretical choice means that we now believe that 
helping students structure their genetics knowledge as they solve problems, is more 
fundamental than helping them learn from an expository tutoring approach. Our 
current research and developmental efforts are therefore focused on creating a 
computer environment that helps students develop models of the content domain and 
models of the inquiry process. A brief description of content models and inquiry 
models will help provide a context for the description of our project (See Figure 
1). 

A content-domain model helps one explore the world by anticipating previously 
tinencountered data and by permitting the construction of multiple explanations for 
these data. A content model, therefore, is the vehicle through which one 
understands and learns about the world* In transmission genetics, a content model 
includes symbolic representations for: objects (such as chromosomes), states (such 
as heterozygous), and processes (such as meiosis) which are responsible for the 
objects' changing states* An Ino try model directs one's problem -posing, and 
design of experiments to determine which aspects of the content model can account 
for the observed data* Problem solving in genetics therefore combines both content 
and inquiry models to achieve a justified Interpretation of the data. 

D* Prelect Descrtption 

The current MENDEL system consists of a completed problem GENERATOR and expert 
problem SOLVER, several components of a TUTOR that carry out an hypothesis checking 
strategy (e*g., an hypothesis CHECKER, a student MODELER, and an ADVISOR), and 
finally several interface options of the GENERATOR component through \^ich all of 
the other systems components interact with the student. Figure 2 summarizes these 
compbnents. 
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The Problea GENERATOR Component of MENDEL , The GENERATOR program contains a 
problem* cxxstomizat ion section and a problem- solving environment. It is an 
extension of the GENETICS CONSTRUCTION KIT (Jungck & Galley, 1986). The problem- 
customization section permits a student or instructor to construct: a class of 
organisms with trait and variation names; and, the genetic parameters for that 
class of organisms. The genetics parameters consist of: the actual number of 
traits, variations, and range of progeny that could result from any cross; and, the 
inhiiritance patterns (simple dominance, co-dominance, multiple alleles, and gene 
interaction) and the modifiers of these inheritance patterns (sex linkage, 
lethality, penetrance, pleiotropy, autosomal linkage, and interference). 

Once a class of problems has been created in the customization section, sCudents 
vise the GENERATOR'S problem- solving environment without knowing the specific 
customization parameters. Problems are presented to the student on the computer 
screen as a phenotypic description of an initial population of organisms (See 
Figure 3). 

The students can then produce offspring and perfora statistical tests on this 
offspring data until they are satisfied with their Inferences about the inheritance 
patterns^ axid modifiers that could account for the offspring phenotype patterns. 
Thus, decisions such as whether enough data has been collected, or what the results 
of statistical tests mean, must be made by students. The significant feature of 
this type of ^^oftware is that it allows students to assume the responsibility for 
the design and interpretation of their own experiments. To do this students have 
to understand the meaning the genetics terms involved (i.e., objects, states, and 
processes) and know how to use the associated concepts to solve genetics problems. 
These genetics terms also have to be represented internally in a form that the LISP 
language can manipulate. Hence, the GENERATOR uses definitions and symbolic 
representations for these objects, processes, and states. Additional information 
on these definitions can be found in Appendix E. Once these constructs are created 
in the LISP language, they are combined in the GENERATOR program into "frames" (or 
lists) that represent larger constructs such as: Popttlation; Chromosome; Locus; 
Trait; Offspring and; Sex Class. Extended definitions of these constructs is 
provided in Appendix F. 

The GENERATOR program then carries out svweral high-level functions 
(C0ST0MI2ATI0H, MAKING INITIAL POPULATION, and CROSSing) which allow the studetit to 
interact with a particular problem. These functions are also described in Appendix 



The Expert Problem SOLVER Cnaponent of MENDEL The SOLVER program incorporates 
rules for solving genetics problems and strives to account for the same data as 
confronts the student. It thereiorc tries to infer what inheritance patterns and 
modifiers are responsible for tie production of the observed phenotypes in a 
population of organisms generated by the computer. The SOLVER program does not 
have access to the genetics parameters that were defined in the customization 
section of the GENERATOR. The SOLVER is therefore an expert at making inferences 
from phenotypic d/^ta and recommending crosses when requested. 
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The SOLVER is guided by a problem- solving Agenda. This Agenda was derived from 
our research on geneticists (Collins. 1986) and is summarized in an abstract form 
in Figure 4. The Agenda has been structured as *. problem- solving tree in order to 
facilitate computer processing and consists of a series of methods (leaf nodes) and 
strategies (non- leaf nodes). A method is a LISP function which is called 
ejplicitly by name and immediately performs a required action. A strategy consists 
of an ordered list of steps (either strategies or methods) followed by a test for 
an end condition which may or may not be satisfied. For example. Experiment in 
Figure 4 is a strategy that is cycled through by the SOLVER until it is satisfied 
that an hypothesis is consistent with the data to an arbitrary deeree of 
confidence. * 

The goal of the SOLVER is to find inheritance patterns and modifiers and thus 
account for the entire phenotypic data set fhat has been generated ^y the student 
Hence, each of the following steps in the Agenda work towards that end (items with 
a * besides them are methods): 

*1. RedeMrrlbe Initial Data is the process of transcribing the "physical- data a 
student might see (such as trait names, variations associated with traits 
«nd numbers of individ»ials) into a LISP Frace that the SOLVER can 
manipulate . 

*2. Plan Initial Crosses examines the initial redescribed data and plans crosses 
to new data. 

3. Erperlaent is the core process of the SOLVER. The SOLVER repeatedly makes 
and tests hypotheses until it becomes satisfied with an hypothesis Tlie 
hypotheses manipulated within Experiment are 'within- trait • hypotheses 
(i.e., independent of hypocheses of other traits). Across-trait hypotheses 
such as pleiotropy and linkage are dealt with in Check Results. 
*a. Generate Hypotheses defines a specific class of hypotheses that the SOLVER 
checks against the phenotypic data. A class is formed by choosing an 
inheritance pattern (IP) and deciding whether sex linkage or lethality occur 
in the population. 

b. Test and Refine Hypotiiesis is the process of interpreting data from a cross 
and determining how well it fits each trait's current class of specific 
hypotheses . 

*i. Pick Cross examines the crosses that have been planed and picks one to 
be done. 

*ii. Redescribe Cross Data is the process of transcribing data froti the last 

cross into the SOLVER'S constructs. 
♦iii.Plan Future Crosses chooses which individuals to cross 
to obtain new data. 

*iv. Explain Cross is a pattern matching process that uses chi- square 
analyses. For each trait's class of specific hypotheses, an algorithm 
is applied to determine if a cross fits a specific hypothesis, and if 
so, how well. 
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Hypothese., examines the possibility that there exists an 
iS?2n1he'SiS P^l'"'" generated by Generate Hypotheses that can also 
^^teX^eae,''^'*'*"' infonnation discovered here is made available to 

JJju^ioS^*^^ ^^'"^ across.crait modifiers .and cben reviews the 

Sei^tropy)***"^^'*"' '"'"^ ^" across-tralt modifiers (i.e. linkage and 

S'TJr^r P^*"" ^^^^ needed in order 

to test for across-trait modifiers. 

*ii. Pick Modifier Cross picks a cross that was oianed t-..^.- 

trait modifiers. planed to test for across - 

*iii.Evalu«te Modifiers examines the data to see if a test 
*b. Revl^ Solution check^ for correctness of the solution. 

therefore designed the Pedigree Diagram option and added it ?he MENDEL system 
While designing the Pedigree option, we also added a facility to 

.".ystems. We therefore created: ^ notational 
1. Hypothesls-Entry Facility: to collect data about student hypotheses (See 
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Figure 5 below): 

a. Hypothesis Data-Entry Mode: to permit the student to enter their 
hypothesis; 

b. Current*B>pothesis Sunnary Font: to serve as a data -management summary of 
the student* s hypotheses; 

c. ChroaosMe-Pair Graphs: to summarize a student's hypothesisa^ about 
inheritance patterns and modifiers at the chromosomal level; 

d. Exprassion Charts (not shown in Figure 5): to displi^y the complete 
genot^e-to•phe^^otype relationships for any inheritance pattern and 
modifiers fcr any trait; 

2. Punnatt Squaraa: to display certain subsets of genotypo-to-phenot3rpe 
relationships according to the principles of segregation and independent 
assortment as well as to collect data on what the student believed was 
interrelated. Hence, there are two uses of the Puzmett Squares: 

a. genor^ to-phenotype mapping with respect to actual data; 

b. "sccatch^ad mode" that is not tied to actual data; 

3. Cross Equations: to represent Cross possibilities for each inheritance 
pattern. 

4. Inquiry Strategy Tree: to display the overall inquiry strategy that the 
expert SOLVER uses to solve the ^ame genetics problem as the student (See 
Figure 4). This includes problem- solving rules and justification 
heuristics. 



These features therefore reflected a basic reorientation. We would hence -forth be 
tutoring students zo structtire their loiowledge about the genetics problem- solving 
domain and to build up a scientific strategy similar to the problem- solving agenda 
in our program. Tutoring would be more like coaching and scientific inquiry would 
be focused on mo del -based problem solving in transmission genetics. 

The Hypothesis-Entry facility of the GENERATOR component and associated 
notational systems helped us address a number of issues that we had found to be 
Important in our research namely, that students: did not generate hypotheses; 
did not relate genotypes to phenotypes; and, did not relate their problem solving 
to the events of meiosis (Stewart, 1983; Albright, 1987; Slack, 1988). It also 
became clear from our research with high- school and college students that many of 
them did nftfi consider more than one explanation for their data. This lack of 
perspective occurred at both the hypothesis-generation level and at the cross-plan 
level. Students therefore needed some way to recognize the possibility that there 
might be multiple explanations for cross results without continually being told 
about this possibility. The noC^>cional systems, therefore, atructured th^. 

rmwntatlTO gf fftnetiffg oMfrrt;^ , processes. and ^^ah^^ so that these 

pdssibilities would be obvious. 
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For example, the Chromosome Graph shows the inter- relationship between a content- 
domain model and a potential problem- solving activity (See the bottom right portion 
of Figure 5). If a student enters an h>pothesis that the first trait is due to 
simple-dominance with sex- linkage, he or she immediately sees a graphic 
representation of this hypothesis on the Chromosome Graph. If the student then 
proceeds to hypothesize that the second trait is linked to the first (by enterW 
this hypothesis via the Hypothesis-Entry facility) , he or she will immediately see 
a consequence on the Chromosome Graph (ie. the second trait also becomes sex 
linked). He or she can then test for this consequence by performing appropriate 
crosses. The Chromosome Graph allows students to observe a pictorial 
representation of how the current hypotheses are related to the arrangement of loci 
on chromosomes and to consider, where appropriate, the relationship of meiosis to 
problem solving. This kind of representation makes basic knowledge about the 
domain accessible to students as they solve genetics problems and also lets them 
immediately see the consequences of their hypotheses at the appropriate knowledge 



m pS?t"^ ^■S.y^n^"^ ^* organizing mechanism in 

S"'*"*^' "'"P^y " '^^^ Invokes^he Hypothes- 

is -CHECKER when t>»e student presses the Dene- key. However, the TUTOR is capable of 
incorporating other specific tutoring mechanisms because it is based on the concept 
?J Jf^'*^"."/'^*" tutoring first formulated by Jungck and Calley (Jungck & Calley, 
: ,v r " describing our hypothesis -checking mechanism, we will brieflv 
describe the philosophy of Post-Socratic tutoring. 

Post-Socratic tutoring provides a framework for the interactions between the 
computer- tutor and the student. This framework claims that students learn best by 
f^i^nHo^ IT! the consequences of their actions. We have 

extended this philosophy by providing a number of notational systems that display 

^2S£l£d«£ (phenotypic, genotypic, and meiotic) . We deliberately chose to develop 
Se ^ addressed specific tutorial interventions. Hence, in 

the MENDEL system, we represent genetics problems in various ways so that the 
consequences of student hypotheses and actions are made explicit on various levels 
of interconnected toowledge. We believe that the constant intervention of a tutor 
nroh?l"*1 . ? situation. Rather, what is needed is a TUTOR that solves the 

problem along with students and helps them to structure the problem so that they 
can eventually solve it on their own. v so cnac cney 

The Post-Socratic philosophy outlined above has helped us create a problem- 
solving environment that encourages students to work through their own difficulties 

a2o°t\ne^ '"'"'f ""^^^ '^^^ ^" ^"P""- ^his philosophy ha 

also helped us recognize a new student- teacher relationship. In traditional 

as ""Hs' ?h'e s'oLm'"'"' structured so that the tutor knows the fin^l answer 
Lri r^M 1 P*'"« '° t^*' answer. This turns problem solving 

oS!r\ ^ reconstruction of scientific problem solving. In MENDEL, on the 

sS!tiont; T ^'^'^ "udent are equals in terms of their knowledg; of the 
Itl i^J^ the specific problem. Students must therefore take an activl part in 
the important decisions required for scientific problem solving. Tutors are 

not on the basis of their prior knowledge of the answer. 
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Post-Socratic tutoring fits well into '.he mainstream of Intelligent Tutoring 
Systems (ITS) research that is currently xxider way. For example, Collins and his 
colleagues have argued that the tutoring strategies of human tutors can be modeled 
if these strategies are related to the di icreoanctes between a student's knowledge 
of a domain and the facts and underlying mechanisms of that content domain (Stev- 
ens, Collins, & Goldin, 1982; Collins & Jtevens, 1983) • In the MENDEL system, we 
pursue a similar strategy that addresses discrepancies between the student's 
hypothesis about the underlying inheritance patterns and modifiers and the actual 
phenotjrpic data. Rather than intervening with textual discourse to address such 
discrepancies . however, we offer the student a number of notational systems that 
structure their problem space in such a way as to make these discrepancies more 
obvious. This is intended to accommodate as wide a range of student problem- 
solving styles as possible. 

Clancey's work on extending the MYCIN system provides another example of an 
important component of successful tutoring. MYCIN was developed to help medical 
personnel diagnose bacterial infections (Buchanan & Shortlif f e , 1984) . Clancey and 
his colleagues then added a tutorial component to the MYCIN system and found that 
xxsevB needed to "look" into the logic of the system (Clancey, 1986a, 1986b). He 
therefore developed a number of graphic facilities called GUIDON-WATCH that 
provided users with multiple windows into the reasoning of his system (Richer & 
Clancey, 1985) . Someone who is learning to solve problems in his domain, he 
argued, needed an explicit representation of the evidential network during medical 
diagnosis and a representation of the processes of problem solving. We have taken 
this idea in MENDEL and formulated a number of traditional as well as new 
notational systems to help students get an explicit view of their own knowledge, 
their hypotheses, and the genetics knowledge involved in the problem (e.g., 
traditional: Pinmett Square, Pedigree Diagram; new: Expression Chart, Chronosomo 
Diagram, and Inquiry Strategy Tree). We have, in fact, developed an Hypothesis- 
Entry facility that helps students reformulate their tentative hypotheses into a 
computable form by employing these notational systems. 

Finally, several researchers have argued that tutoring systems must address 
qualitative reasoning processes for there to be successful model-based learning 
(Stevens & Collins, 1980; Centner & Stevens, 1983; White & Fredrickson, 1986). 
Hence, they show that experts are successful at problem solving because they have a 
mental representation of some content domain which they can picture and "run" in 
their imagination. Novices have trouble solving problems in these content domains 
because they lack, or have incorrect, mental models. In MENDEL, we conjecture that 
students will develop a robust understanding of genetics problem solving if they 
are given model -oriented notational systems that represent genetics objects, 
processes, and statej, and if they are given model-oriented advice as they solve 
problems. An example of the latter would be a series of general to specific 
messages that direct the student's attention to the discrepancies between their 
hypotheses about the current problem and the actual data that they see. Hence, we 
conjecture that if we make an expert 'n representation of the knowledge and problem- 
solving procedures coenitivelv accessible to students by the manner in which we 
structure the representation of the problem and by the way we have them enter their 
hypotheses, we will encourage genetics understanding in students. In the future, 
ve will add one final component to the MENDEL system: justification of the 
solution in model-based terms. Our problem- solving environment, our notational 
tools, and our problem- solving advice will all provide students with a number of 
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r^pretentations of knowledge (content and inquiry knowledge) that they do not 
initially have but that will encourage them to develop their own models of genetics 
problem solving, 

pie !fypoth«flis CHECKER . We begin by discussing the hypothesis -checking strate<'' 
Although the hypo thesis -checking mechanism has been integrated into the MEMD£L 
system, many of the research questions that it raises are still under 
investigation. We will therefore describe the hypothesis CHECKER, while 
acknowledging that it will undoubtedly undergo revision as the appropriate research 
is concluded. 

We have found that genetics tutors help students check their hypotheses against 
the data by asking probing questions about the cons, stency, compl^.tenesSt and 
goodness -of- fit of their hypotheses (Stewart, 1987b). This general tutoring 
strategy served as one well-defined strategy in our system and helped us determine 
student actions were significant indicators of the prasence or absence of 
hypothesis-checking. This tutoring strategy also formed the guidelines for our 
Hypothesl8*CKECK£R. The TUTOR, in effect, acts as a control driver that decides 
what to do and when to do it. The CHECKER, on the other hand, evaluates the 
student's hypothesic against the data for existence, completeness, legality, 
consistency with the data, and goodness -of- fit. The CHECKER then returns these 
results back tuu the TUTOR which in turn drives the ADVISOR to deliver advice to the 
student about their hypotheais. These conditions of the hypothesis CHECKER are 
described below: 

1. the existence of a student's hypothesis that links genotype to phenotype 
Information for each trait in a problem; 

2. the completeness of a student's hypothesis that bridges genotype to 
phenotype information; 

3. the legality of a student's hypothesis with respect to the definitions of 
genetics concepts about objects, processes, and states; 

4. the conslsteucy of a student's hypothesis with respect to the phenotypic 
data; 

5. the goodness-of-flt of a student's hypothesis (i«e., which legal and 
complete hypotheses fit the data) ; 

6. the checking of whether common modifiers have been accounted for. 

The ^O'^ ^^fHftPFffi HnUffffTlftnt MENDEL . The function of the Student -MODELER is 
to provide the TUTOR with information about the problem- solving performance of 
students and the conceptual basis of this performance. In order to do this, the 
MODELER must contain a data*base of specific student actions and interpretations of 
tha current data as well as a knowledge -base of typical Si:udent conceptions and 
misconceptions. The former type of information is all that is currently needed for 
the operation of the hypothesis-checking mechanism. The latter type of infoinnation 
will come from our current research (Slack, 1988; Albright, 1987; Stewart & Dale, 
1987; Stewaic, 1987) in order to support other types of tutoring mechanisms. 
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Our current research on student actions and misconceptions is guided by the major 
problem-solving steps of the SDSiilS. range of the inquiry process (See Figure 4). 
Henc«, we are asking questions within the framework of MENDEL' s problem- solving 
Agenda. 

Tht W9la«glUl SYffteas of the GENSRATOR Co■no«^n^ of wnmiry The Hypothesis- 
atty facility which we described earlier helped us gather data about student 
thinking as they solve GENERATOR- created problems. However, the associated 
nofeational systems also served several other functions besides data colleC >n such 
^: a coanunication link between the student and the TUTOR; multiple wini s into 
the knowledge "Structures and logic of MENDEL; and, multiple ways of showing 
stude.-.\'» the consequences of their hypotheses (so that they could pose "what if" 
questions as they solve problems). 

We ara currently investigating how the notational systems might serve as 
cognitive tools to help students think about genetics problem solving in model- 
based tenu. Wo are studying the role of the notational systems both individually 
and colUctivaly with high-school and university students as they solve genetic- 
problems. We are also investigating the extent ^o which such students use these 
notational systemj and the effect these notational systems have on their under- 
standing of genetics problem solving. Specifically, we are asking: about the 
usefulneea of eacK not«.cional tool; about which tools are used and when in the 
problem-solying process; and, about how students use the notational systems to 
justly their interpretation of the data. We are also gathering information on the 
reaction of instructors to the Hypotaesis-Rntry interface. 

Thff Problem-Solving AnvrsOR Co»pr^n>t,t- ^^pj , ^i^e from providing advice 
that results when the CHECKER examines the student's hypothesis, the ADVISOR will 
also help a student iaafife their solution to a problem. Justification is difficult 
to operatlonalize and transfer into a computer environment (See Appendix a) We 
therefore anticipate that the future MENDEL system will only be able to provide 
examples of Justified solutions (using the notational tools that we have developed) 
and not be able to evaluat* the Justifications of students. We will nevertheless 
direct our research efforts into how experts and novices Justify their solutions to 
genetics problems and how human tutors help novices Justify their solutions in the 
hc-pe that some aspects of the Justification process can be routinized. 

Since our problem- solving agenda and our notational tools have provided such a 
useful framework for all of our .revious research and development, we are using 
thesa ideas as a framework for our research into justification heuristics That 
we are using the sub-stagos of our problem- solving agenda (See Figure 4) to 
categoriza the problem- solving process and investigate which genetics justifica- 
tion, are germane to each stage of the process. We are also using our knowledge of 
the notational systems to probe a student's understanding of the connection between 
genetics objects, processes, and states with the problem- solving process at that 
sta«a. Since the notational totU represent genetics knowledge at the symbolic 
lev<»l, w« are looking to see if the students' Justifications are clear at the 
fMl'^l •yfolic level as well as whether they can explain genetics phenomena in 
terms of neiotic models. Appendix F contains an example of an ideal justification 
as it emerges under the probing questions of a human tutor. 
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Finally, we are investigating What specific advice is appropriate for the 
tutoring strategies as they emerge. For example, we would like to know how best to 
review and analyze the history of a student's problem-solving session. We already 
have a mechanism in MENDEL for determinlag what actions an expert solver would take 
in response to th, student's data at each stage of the problem- solving process. 

cntJp^*'*;'^*'^ 'y*''*" consists of a problem GENERATOR, an expert 

rSiyr; options, an hypothesis CHECKER, a student MODELER, and an 

ADVISOR. It was also indicated in the main body of the report that we have not. to 
date, accomplished as much as we set out to accomplish, having instantiated an 
hypothesis CHECKER, but not other tutorial strategies. In thf Project ResuUs 
section we will describe : the effects of our project on the participants; the 
dissemination efforts, and; the evaluation of the project. 

mifCt 9H thff Pnrrffilpnnr g. a significant effect of the 
project, which will continue beyond the FIPSE supported phase of the IGT project. 

^^l? * <^»»P«"tive atmosphere «w>ng our department (Curriculum & 
lTS^lf^r.J^ ^ departments of Computer Science, Zoology and Genetics. This 
is significant in as louch as these departments and ours are in three different 
Colleges (Education. Letters and Science and Agriculture) that have not. in the 
past, interacted to any great extent. The interactions with the com puter science 

b:c:^T"4o J^'^'^'J ^i^' has^o^urrS 

because two of his graduate students were employed on the IGT prolect The 

interactions with Zoology and Genetics have been with faculfry mend>ers who have 

acted as genetics experts in our efforts to build the SOLVER anC because they have 

used the IGT software (the GENERATOR) with courses or workshops that they have 

•nS::^Sttic Ir'T"" ^"^J"^ Department has been molt 

entnu8la:$tic in using our software. 

«J? addition the IGT project has had an effect on a national biology education 

?. /^ *7 ^r*^^'** ^" ^^^^^'^^ a consortium of six universitie 

that is developing a university freshmen biology course around 12 bioloey 

SiSnS h ""i P'^^J'" -'^ «o »^*P« the development of a 

mSS^S? n*. to the overall philosophy o? 

oiS!?f ^i"^ "^^^ ^i^**" influence a national software developirent 

project that has the potential to have widespread influence on biology education. 

The above have been the most direct effects of the project in terms of the 
initial target audience. However, there have been effects on other Audiences 

2«rLJ S'i^^"'*' ' ^^olosy teachers that we have 

?u^w?,i \ T institutes that are Jointly sponsored by the Departments of 

Curriculum & Instruction and Genetics. During the last two years we ha™ worked 

i IhSTe^Tirthart^V '"^'^ MENDEL^ystZ it 

iJsSl ^S?t?l ^ 1 interest to them. By using the ganeratoJ and tha 

iSS^^nH?nv^tnS ^'O'^i'* the SOLVER, hypothesis CHECKER, interfaces, 

^7 think about their genetic^ 

knowledge and problem- solving strategies in new ways; and. help them to think abcut 
students genetics learning and problem solving genetics in new ways Be«Le of 

2tS IJSTcJ:'o,T''r""" "^'^ - "^^^ continu: working 

With high school teachers and prospective biology teachers as they obtain teaching 
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^f' exaapl., w« are in the process of designing a course for 
instructional Ideas that are embedded within It. 

< n°l!! ! !!? } "*^l°" RffWUs . The dlssenlnatlon of the results have to this point. 
In *<Wltlon to the Involvement with high schoox teachers and the BloQUEST project 
included paper presentations, journal articles and technical report. We hi^.^5; 

il^i^iScn p"^ f "iT ^^'i?"^^"*! Association, the National 

i^JSi?«n2. H rT''^? ^" ^^.^'r* ^••^^^^"S' Third Conference on Artificial 

intelligence and Education, and the Association for Educational CoBBunlcatlons and 

Technology. Publications Include one In the Journal r>f M,nh tn^.M>H^^^.H tI!".!" 

nt.\:Z^L^' '\ % n science Edu^i'l" In Sl^n'Tw^ 
five technical reports font the IGT project and have several more In progress. 

A? 1**" J" ?• flS*"*" "^^"S ^^""l arrangements for the dissemination of 
^SLtSTo*'^* v**! P'^^J**^'' P"^*^!'" GENERATOR. We are removing the 

t^^^ ^"'S*' P'^J^*^' disseminate It natloiuy airo^Jj 

^W.I:J"17i"^ Wisconsin WISCware organization. By doing this, hl^ sch^oHS 
university biology teachers will have an simulation program that wUl run on a 
minimally c«mf Igured IBM. By making the GENERATOR available this fo^t ^hi 
jSe'Sg XrZ'^ disseminated more widely ^an 

EYalwtltm . The evaluation of IGT has Included evaluation of thm o«^m«r,.r,^ 

?!SlitJT;''"'n'/ ^•ir"^"^"' hypothesis .nt4 f.cilit^ f^^^l 

fidelity to genetics. Tht>; %s been done by involving geneticists as evaluatow 

^t W^i ''".'^ . d-partient chair It Belo" CoUe^: and a 

national leader In genetics education and blocosrputlng. has been a oald consul t«nJ 

SldSL'''^"'-. «^ Zoolo^dipSJ^antni Se 

Madison ca»pus have acted «s consultants. F-'w»ent» on uie 

In addition, the GENERATOR has been extensively used with both unlveraitv 
high .chool students. This work has served as a formative e^Iwion^S 

St':S*^r(1988" {988?? — l-^^o- -n be found m Slack and 

o^Toi i;4.rrsSiM tirc.h^esi\^- t^j^^^^^^ hte^ruJ: 
J ;i:ap-ep^n: pr^tv^e^rf^^^^^^^^^ p£-; -%hoi 

S: including a thorough evaluation of student usfof It 

We expect to begin this continued phase of tho project In the Fall of 1988^ 

F. Prolaet S«Tnpr mi i ConeltMigp g 

thJ^.'tiVrK^''" *V\'*^,f'"" 8*^"*'* ^'°» on the IGT. Including 

h%Tti^t'?^trs%^ttm '^^^ ''^"^ ^^^^ this w! 
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thf ^!.oM r insights have been personnel ones about genetics and 

S!-^ ? genetics wn.ch now influence our thinking outside the IGT project. 

S o?!!^^'^? '^^•v" insights about the organization and siru^ture 

Sf r^*?'^^" ^' necessary to facilitate -odel-based problem solving 

%i .i*""" interesting that these insights are only rarely Lde explicit in 
^T.!.^./*"'"'" i"«t:ruct:ion. We have been heartened by the positive ^cceptanc^ 
of these ideas particularly aoout what constitutes core infonnation in genetics 

t.:«t::^ci"'of'^h// • "t^r.^" • ^^^-^-^ <>- convicti^f the 

lavortance of having students (and instructors) solve realistic genetics nrotl.™, 
o£ the type produced by the GENERATOR. By solving .uch probC tJer^ is^ 
etT'^S^J/" '"n^l* .ducatron'(;e"erson*^ 
irtn^/in; r V P**^"** P"^^*" •^^^^"S. .nd persuasion of peers. 

LwrSf. !f M • ^J/' ''"f f»«^i"i»" that students will learn conceptual 
knowledge of genetics, problea- solving strategies independent of and specific to 

s:i:n:jritg^;-i^i%.^"'^ ^-^-^^ - * pToi,rVorvinr 

Sr^J'^'^'-.Ki^''^ ^' diff icui" of TpecifySg 

»11 of the possible conditions and actions that a tutor aight take in oC? 

:^r:n'^h'*i r'^^^J'* P^^^-- o^-^ng envlronaent. Thereforrwe l^. focus'S 

nS^J^?«;/ . J P"J>1«» -olving and experiaentation iu:tivities. Hence. ^Th^ 
only instantiated an hypothesis-checking tutorial strategy in our coaputer entiwn! 

toowledgu. constructed froa repeated problea solving experiences. We feel Smt 

««o.th ^""d^'ntal than helping thea learn froa an expository tutorSg 

approach. What all of this has aeant is that we have come to b. »,rrv. -Zl^! 

wSTw instructors in t^e S^S^ystea Trfa JSu 

ft T ^'^^ consider what types of advice , coapJter can best Sve 

lL r. T L ""r ^' "^-^ • t:utor i, going to be beat 

able to provide (aost likely advice in the fora of justifications for actions). 

b.^nStLi^J^f' *• ^^^^^'^ ^« »f ^alue to others who aight 

nI.H ^! i ''"f «°^^''«« »^ developing software with related goals irS^e 
tor .T i*'''^'"'^'* P"^*^ "'^ "^'^ potential users of the sof?^!re. TMs 

is for several reasons, not the least of which this type of softvare is a!ch Zrl 
lt^ZiTl\\T .ducational software and f^ pote«tut^%rs ZtZl 

convinced of its utility requires, we think, actual experience with the soft^Jrl 

Siuiar witJ^t!;."::iL.^"*'T;^'" "^'^^^^P •'^P^^'nc* with soreone vi^ 

J»;!!7 1 . \ ^^^'^ ®^ ««»derlying philosophy of post-Socratic 

^l ^/ '^^^ of the software by students We SeJ 

ilS.r*"of"'^i iV „" i^t' i""* opportunity to inter.!? till 

seriouf corS^dJr^i^r ^^^"^^•^"^"S the philosophy. It is in these workshops 
in?Lrat.dT„^r. T ^' ^^'''^ '^^EL softvare is to be 

^ In'l^ IT "^''^ " ^= ^« -i»Ply "«-ted 
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Abstract This piper dr^bes tn advtce^vi^ 
eductttoa ciUed tbt ME^^9EL sj^Km 

gtmJi^ApKhVmwAi^ The 
MENDEL syMm it detignetf to beljp mdemt gain a bener vndenundiiig of 
genetics end sdeatifie inquiiy by providing them with the oppocCQnit>* to solve 
realistic genetics problems end obteiii tutorial assistance that is tailored to their 
genetics knowlei^e and level <tf proficiency at problem-solving. MENDEL 
consistt of a problem GENERATOR component and a TUTOR component 
The TUTOR includes: a role-based, expert SOLVER; a problem-solving 
ADVISOR; a student MODELER; and. a video/gn^cs LIBRARIAN. 

Introduction 

There is a growing literature in educatioa and psychology that adc resses the 
need for open-ended problem-solving in science education [1,2]. There is 
also an increasing call for the instroctional tise of microconaputers jn science 
education (as seen in the pages of The American Biology Teacher aadThe 
Science Teacher). Fuuily, there is an emerging discipline within artificial 
intelligence research that deals with the design and use of intelligent tutoring 
wstems and advice-giving systems [3, 4]7These trends are converging so 
that the time is right to bring the theoretical and practical advances within 
each discipline to bear on the d«sign and use of computers in science 
education. For example, research in education and psychology has focused 
on: student alternate conceptions [S-8]; problem-solving [9, 10]; and 
teaching for conceptual change [1 1 , 12]. Research in aitificial intelligeoce, 
on the other hand, has focvsed on: the development of knowledge 
representation schemes (e.^. , frames, production rules, semantic networks, 
etc.), the design of intelligent tutoring systems [13, 3, 14-17], and the 
instructional potential of intelligent tutoring systems [18-20] These 
developments complement and rnnforce each other so that educational 
software can now be based on theories of teaching, learning and 
problem-solving[13]. 

For the past several years, we have carried on a research and 
development effort that has focused on promoting improvements in teaching 
genetics at the high-school and college levels. This work has entailed the 
analysis of high school students' knowled|[e of transmission genetics as 
well as 'jow their knowledge influences their problem-solving performance 
[21-23]. More recently, we have been studying the strategies that beginning 
university students [24], high school students [25] and geneticists [26] use 
to solve realistic genetics problems generated by a microcomputer. 

We have also developed geneucs simulation programs [27] tlat allow 
students to aa like genetics researchers. These programs, called strategic 
simulations^ provide students with the opportunity to develop problem- 
solving skills and long-range research str&tegies similar to those used by 
transmission geneticists [28,29]. Finally, we have been involved with the 
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ngidly devdoptng techoolpgy of interactive videodiscs [30] and the critical 
analvws of the use of computers in educatioa [31]. 

Drawing on our own interests and research as well as on the recent 
research on ei:pert systems [3> 32, 33, 17, 341, we jure developing an 
intelligent computer totodng system called the MENDEL svstem. This 
system will help students become more knowledgeable problem-solvers. 

In this pi^, we will describe the logic of. the MENDEL system as it 
aenerates genetics problems and offers tutorial advice to students. The 
MENDEL system is an example of the design Mproach to science 
education [35} because it encot.mges students* to develop their 
undet^ending o/ genetips while they conduct experiments and test their 
l^rpothesss about genetics mechanisms i^gai^ Thiscalls 
for a student to entertain multiple h^otheses, tentatively treat each 
h^othesis as a conclusion, and construct a set of confirmatoiy/ 
disconfirmatMV and Ipgical/empirical arguments in support of the final 
conclusion. The tutorial component suys true to the design flavor of the 
opea-ended problem-solving activity. 

Finally the pi^ ends with a discussion of several latger issues that are 
involved in the design wpj XMich to science education: problem-solving with 
understanding; prMlem-based, experiential learning; the integration of 
rule-based with model-based reasoning; and, the role of human col- 
laboration in machine-mediated learning eavironments. The MSINDEL 
:mtem described ia this paper can be viewed as an experiment in q^plying 
the theoretical positions on learning, problem-solving and teaching to the 
design and use of computer software in education. 



A Description of the MENDEL Syrtem 
The MENDEL system's goals 

The primary goal of the MENDEL system is to provide students with 
tutonal help to increase their conceptual understanding of genetics as well as 
their problem-solving skills. This is accomplished by crtidng a computer 
environment that will supplement (but not replace) laboratory probiem- 
solvinff experiences in transmission genetics. 

More specifically, the MENDEL system has the following goals: 

1 . to help students develop an understanding of genetics and genetics 
problem-solving. Students, in tum» will: 

a. improve their problem-solvinff performance, 

b. gam a better understanding of the conceptual structure of 
transmission genetics, and» 

c. improve their ability to explain and justify their problem-solving 
strategies in terms of the conceptual structure of aenetics; 

2. to help students develop their understanding of scientific research skills 
such as problem identiucatioa, hypothesis generation and testing, 
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data gathering and Icmg-term inference making. 

These two goals ait intimately interconnected They will be elaborated 
throughout tte rest of the paper* , 

The MENDEL system^s components 

The MENDEL system has two primary components: 

1. a problem GENERATOR program that includes: 

a. aCUST^^4IZE section, and, « 
b* a problem-solving environment; 

2. an expert TUTOR program that includes: 

a« a problem SOLVER, 

b* a problem-solving ADVISOR, 

c. a video/graphics LIBRARIAN, and, 

d a student MODELER. 

Tnese components are summarized in Figure t: 

We have completed die GENERATOR program and a prototype of the 
problem SOLVER component We are cunendy waking on a protot/pe of 
the MODELER and ADVISOR components, and, are woiidng on the design 
of the video/graphics LIBRARIAN. 

Each of MENDEL'S conqxments has a unique interface structure. The 
specific interfaces, however, are integrated into an overall visual interface 
on the IBM PC-AT screen. For example, each component embodies the 
following functions in a different way [16]: 

1 . reduce the woridng-memoiy load of a student; 

2. aid conceptualization of the genetics content and problem*solving 
strategies; 

3 . decompose the problem into manageable subunils, and; 

4. help structure the student's thinking. 

The overall visual interface, on the other hand, tries to: 

1 . maintain a cmsistent command structure; 

2 . facilitate ease of interaction; 

3 . be visually-compelling and aesthetically pleasing; 

4. be pedagogically sound widi respect to the project goals. 

The GENERATOR Program in the MENDEL System 

The GENERATOR program is termed a "strategic simulation" and places 
students in a computer environment that simulates the problem-solving 
situations faced by transmission geneticists in a laboratory [28, 29]. 
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Figure 1. Summary diagram of the MENDEL system's components. 
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Students who use the GENERATOR program have to pose their own 
problems and then use their genetics knowledge, tfieir ability to perform 
genetics crosses, and their ability to use conqnitational took such as CHI 
square analysis to woik out aroropriate solutions. The students' 
experiences with the GENERATOR program are more realistic than those 
possible wiA texAook problems. 

There are two parts to the GENERATOR program: a CUSTOMIZE 
section where usen create classes ofproblems (within which cases are 
randomly generated later by the GENERATOR for students) and a 
problem-solving environment where users peifrnn cfoises to jntoduce data 
and use data-management tools to numipulate and xdaw die data (see Figure 

The CUSTOMIZE Section of the GENERATOR. Within the 
CUSTOMIZE section, a user can create classes cf problems and defiuie sets 
offrait and variation names. Classes of problems are created by filling in 
templates such as the one shown in Figure 2. 

On each of these templates, the user can select the number (1-4) of traits 
for the problem, the range (1-99) of progeny from a cross and a set of 
primary inheritance patterns: simple dominance (the default value), 
codominance and multiple alleles. For each problem class, users can set the 
probability of the appearance of any particular inheritance pattern. In 
addition, users can select a set of modifiers to these primary inheritance 
patterns: sex linkage, lethality, penetrance, pldotropy, gene interaction, and 
autosomal linkage. The modifiers can nirther be adjusted to set their 
maximum occurrence and probability of occurrence. For example, in the 
template shown in Figure 2, two inheritance patterns are possible in the 
same problem: simple dominance and codominance. Codominance, 
however, will never appear in nuxe than one trait (since MaxCodom is set at 
1) and it might not appear at all (smce the CodomProb is set at 60%). These 
settings, as well as other genetics-specific parameten, permit a user to 
create a wide range of simple to very complex problems. Thus, die program 
can be used anywhere from junior high school up through graduate-level 
genetics. 

Trait and variation names are also defined in the CUSTOMIZE section. 
A sample bodypart template screen for the Antennae trait is shown in Figure 
3. 

The traits (or Bodyparts) that might appear in any problem are selected 
along with variation names for ihat trait In the sample problem to be 
discussed in this paper, we will use two body parts as traits: Antennae and 
Wings. The variables chosen in the CUSTOMIZE section of the 
GENERATOR "define" the problems that the user encounters in the 
problem-solving section. 

The Problerr 'living Environment of the GENERATOR. In the 
problem-solving section of the GENERATOR program, the student begins 
with a field-collected vial of organisms on the computer screen and then 
selects one of several functions. Figure 4 below depicts a "field-collected" 
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#3:Thread. 
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PRESS A KEY: ESQwhen done pan ARROWS)to move around A-Z/0-9)to fill blanks 
Figure 1. Sample Menu from the CUSTOMIZE Pioblem-Defimtioa Screen. 



CUSTOMIZE Mentt Item #1 

Enter problem name on the next line: 



Simole Problem 


Numtraiu 


2 


MinProgeny 20 


MaxProgeny 50 


Codominance 


Y 


Maxcodom 1 


CodomProb 60 


MttitAlleles 


N 


MaxMult 0 


MProb 0_ 


SexUnk 


N 


MaxSexLinkO^ 


SexLinkProb 0_ 


Linkage 


N 


HiDistance 0 


LoDistance 0 


Interference 


N 


Hilat 0 


LoInt 0~ 


Lethality 


N 


Maxlethal 0^ 


LethiUProb 0_ 


Interaction 


N 


IntProb 0^ 




Penetrance 


N 


Maxpen o^] 


PProb 0_ 






HMcen 0 


HTpea 0^ 


Pleiotropy 


N 


PlTrob 





MaxAlleles 0 



Will this be the last menu item? Y 



PRESS A KEY: ESC)when Hnished ARROWS)to move around A-Z/0-9)to fill bUoks 
Figure 3. Sample Menu fix)m the CUSTOMIZE Bodypart-Dcfinidon Screen. 
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vial (Le., Vial#0) whose contents have been elaborated by the List function. 

Note that Uie vials on the computer screen (Usplay a shorthand 
representation of the trait's variation names (e.g«, T » 'Tiny")« A user can 
involi^ Ae list option to see the M names of tfie traits and tfieir variations. 
In addition, the gnq^c pedigree diagnun on the computer screen represents 
a redescrq>tion. dt me Vial#0 ^*ata into a form that is appropriate for pedigree 
analysis. In this exanq>le, there are 12 f^nnales with finy antennae (i.e., 2 
'Rt^y/Dumpy 5 Tiny/Lobed, ani 5 llny/Shc^). The ^co&d variation names 
(i.e., Dumpy > obed and Shwt) refer to die Wings tr|it 

Fig. ^ 4 also shows some of the functions that are available to 

students: 



Qross 



L)ist 

P)edigree 



S)tatist^(;s 
H)ypotheses 

VOial-of'ions 
Q)ait 



enables a student to cross individuals and 
obtain offspring; 

described above; 

represents the vial data in a graphic form 
and is used by the pkoblem solver to analyze the data 
produced from a cross experiment The pedigree 
diagram is a useful, abstract redescription of cross 
data that makes it easier to see patterns and thus make 
inferences about genotypes across generations. The 
user's hypothesis about genotypes are entered 
over the question marks (underneath each 
pedigree box on the screen); 

allows the student to do mathematical calculations and 
CEiI square tests with probabilities; 

whereas the Pedigree option allows users to make 
specific Hypotheses about parents ariU offsprings, the 
Hypotheses conmumd allows users to enter hypotheses 
about the genetics of the populaHon as a whole; 

helps students store and retrieve vials on the screen (for 
more space on the screen); 

allows the student to abandon the current problem 
before going on. 



Students who use the GENERATOR program are faced with an 
open-endedrproblem-^how to explain the genetic mechanisms responsible 
for the phenotypes (i.e., sqppearance) of the population of organisms that 
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ViilsFUM: VO 

I V|il#0-^ — I 

2 fTD 4 «iTO 
2 fBS 1 mBS 
5 fTL 4 mTL 
5 ITS 7 aTS 




C0NTE^^^s of viai#o 



P# #1 SEXAnttnnae 


WittIS 


• 


1 2 f Tiny 


Dumpy 




2 4m Tiny 


Dumpy 




3 2 f Bent 


Short 




4 1 m Bent 


Short 




5 5 f Tmy 


Ubed 




6 4m Tiny 


Ubed 




7 5 f Tiny 


Short 




t 7 m Tiny 


Short 


• 


9 1 f Bent 


Ubed 




10 1 m Bent 


Ubed 




U 2 f Bent 


Dumpy 




12 1 m Bent 


Dumpy 





PRESS LETTER: C)ro$s L)t$t P)edigree S)titistics H)ypothe$e$ V)lil$ Q)ult 



Figure 4. Satiate GENERATOR Screen of a Two-Trait Problem with the L)ist 
Option for Viat«0 (the Parental Vial). 

they see on the screen. Underlying the generation of the field-cv Jiected vial 
and all subsequent off springviids is a model of the inheritance patterns and 
modifiers as defined in the CUSTONOZE component of <he GBNERATOR* 

Widiin d)e context of the general problem, studf**xs are respmsible for 
posing their own specific problems and foe selecting the most appt)priate 
approaches to a solution. This is done by performing crosses on the 
on'^*nal set of organisms and/or successive generations and by doing 
statistical analyses. Thus» decisions such as whether enough data has been 
collected or what the results of statistii^l tests may mean must be nuuie by 
students as tbey develro genetics*specific problem-solving strategies as well 
as more general scientific inquiry skills. 

As nch as the GENERATOR environment is, it does not completely 
simulate the genetics laboratory experience. Aside from not having to feed, 
house, and mate actual (^anisms, students axe also not faced with a critical 
first step in real genetics problem-solving-how to perceptually divide an 
organism into discrete, analyzable traits. This is akeady done by the 
GENERATOR pro^rm Students therefore bypass the initial abstraction 
processes (of recognition and identification of traits and variations) involved 
m confronting data in scientific inquiry. In addition, they do not see many 
of the complpx interactions that an organism's genotype (i.e., g ^netic 
makeup) hf^ 'with its environment (both external and internal). These 
interactions can lead to a wide variation in the phenotype and are only 
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approximated in the GENERATOR'S environment. Nonetheless, 
GENERATOR- created e^qperieoces are far richer dun the problem-solving 
experiences in ^cal undefgnduate courses) [29]. 

The TUTOR pngmm in tk$ MENDEL system ' 

The development of the TUTOR program has emerged from a 
consideration of the roles and responsibilities of a human tutor who is 
woridng with students in the GENERATOR environment For example, a 
human tuttvmustbeableto: 

1 . make inference about the data generued by the student problem-solver, 

2. maintain a history of a student^s actions (including the crosses 
performed and the statements made abopt Ae data and crosses); 

3. make inferences about die reasons for die students prc^lem-solving 
actions. These are drawn fitom a combination ctf^i^ die student has 
doneandhas said bi so doing, the human tutor is building a model 
or re{»esentation of each student*s or group of students* hiowledge of 
genetics problem-solving; 

4. compare the model of a student's knowledge with the tutor's 
understanding of die problem; 

5. make decisions on the form of tutorial advice and the timing of this 
advice; 

6. evaluate whether or not die student has benefitted from die advice. 

Our woric on the TUTOR component of die MENDEL system is 
guided by, but not necessarily limited to, tfiese roles of a human tutor. 
Hence, we are developing a computer TUTOR diat will be able to: 

1 . solve genetics problems; 

2. interpret data generated by students; 

3. develop a model of student knowledge; 

4. compare diis model widi die TUTOR'S knowledge; 

5. decide whedierornot to intervene; 

6. deckle on die nature of die tutorial intervention; 

7. evaluate die success of the tutorial help. 

In addition, our TUTOR will provide students with: 

1. a set of computational tools lor genetics problem-solving (Punnett 
squares, expression charts, etc.); 

2. data-management tools to manipulate die data diat diey genera (pop-up 
calculators, data stxxa^ and retrieval, etc.); 

3. graphical representation of genetics data and conceptual relations 
(pedigree and chromosome diagrams); 

4. multiple windows into die reasoning of die TUTOR. 
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These last fout features are mmciUy not availatlv from a human tutor. 

The SOLVER Component cf the TUTOR. In this section, we will 
piesem t single exan^ from its first ^)peanntt 
a p(Mnt where Oe inheiitance mtlero of one (tf the traits has been identified 
by the SOLVER. This will illtutrate the internal logic of the SOLVER 
insoto as solving M piobleni is concerned altfKMgh it wiU nu indicate any 
tutorial inteiventKNis that might occur. This is an exan^Erie of Ae TUTOR'S 
TRACE-^It^ mode of opmttioa and will only be seen by students when 
they ask the AD VlSCXl within the TUTOR to solve an entire problem and 
explain its actiont each stq»<tf die wi^. Because of die stochastic manner 
in which data is produced by the GENERATOR, two different TKACE- 
STOPS for die same problem would not be die same. 

We benn with the GENERATCXl-cxeated screen of a two-trait problem 
shown in Figure 4. The goal it to infer which inheritance patterns and 
modifiers account for die distribution (^i^ienotypic data in die population. 
Several actions can accim^lish diis goal: generating an hypotfiesis about a 
possible inheritance pattern and modifier, generating new data (i.e., 
mvoking the GENERATOEt prognm to perform a cross), checking to see if 
the dau are consistent widi die tentative hypodiesis, and disconfirming 
alternate hypotheses. The TUTOR can perform each of diese steps on its 
own because it has a SOLVER con^ionent Uiat contains a high-level 
problem-solving Agenda and necific production rules for solving problems 
(see 5 below for die SOLVER'S Agenda). 

This Agenda and related rules were extracted from research on how 
expem sdtvc similar noblems [26] and were fonnalized as condidon/action 
relations (Le., IF/TIflEN prodviction rules). The SOLVER'S Agenda items 
are described below along widi a discussion of the exan^e: 

1. Rftftesrrihft Data from Ttiitiri Prtpularinn fnr Eaeh Traits Thft ftnt 

step in die Agenda directs die SOLVER to go to die GENERATOR-cieated 
population of organisms (see VialHO in Figure 4), extract key information 
(e.g., names and numbers of traits and variations) and store diis information 
in die TUTOR'S own internal dau structures. It also directs die SOLVER to 
cany out some simple inferences diat can be made from die initial 
population. For example, by focusing on die fint trait (i.e.. Antennae), die 
SOLVER can conclude dut diere are 12 female organisms and 15 male 
organisms " ith tiny Antennae in the initial populatic) Anodier example 
would be diat die Antennae trait had only 2 variations v tjny and bent). 

2. Entertain an HvpnfhftMs about Inheritar -e Pattem: The 
redescribed data now serves as a set of "conditions" for the Solver's 
condition/action rules. Hence, die Age:\da directs die SOLVER to search 
dirou^ its Hypodicsis-Gcnerating Rules (HGR) which in turn "fires" die 
following rule; 



39 



"MENDEL: An InuiUitfU CompuUr TiUcrmi..^ 140 



Streibel it. at. 



SOLVEr AGENDA 



1. Rtdescribt Date from Initial Poputatlos fpr Each Trait 



2. Eattrtala as Hypothatit about lahtrltaact Patttm 
(hyootbasis leneratioa rules: HGR) 



3. Test laheritaace Pattern Hypothesis: 

(find fenotypo to phenotype oappiog) 

a. Malce a cross (cross rules: CR) 

b. Redescribe data from a cross 

c. F.vriiaiii cross in Ufht of hypothesis 
(cross explanation rules: CER) 

d. Done? 

- If there are no consistent explanations, goto 2 
If there is more than one exptenations, goto 3 

- If there is exactly out explanations, goto 4 

- If there is absolutely no explanation, goto 1 

4. Check Your Resul^» 

a« Make a pr^^diction to test your hypothesis 

b. Are the crosses already performed consistent? 
(definitive cross rules: DCR) 

c. Disconfirm competing hypothesis 
(disconfirmation rules: DR) 



Figure 5. Problem-Solving AGENDA for the SOLVER Component of the TUTOR. 
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HGRl: IF (1) goal: generate an inheritance 

patten bypoAesis 
(2) there are 2 variations for a trait 
THEN assume simple dominance is the 

inheritance pattam for that trait 

HGRl states that after having broken the larger problem into a sub- 
problem (i.e., focusing on one trait at a time), the SOLVER should proceed 
on Uie assumption that sinq)le dominance may be the inheritance pattern 
"^sponsible for tte phenotypic data* This acconq[)lishes several things, 
first, it simplifies Ae search space of possible underlying mechanisms that 
might account fos the {riienotypic data. Second, it makes a best first guess 
at such a mechanism the way an expert problem-solver would do. (Of 
course, there are several levels of genetics knowledge con^riled into HGRl 
which would have to be explained to a student who wanted to understand 
w^diis particular rule was a useful first guess). And finally, it translates a 
problem-solving strategy into a specific piocedure. The SOLVER now has 
a way to match the phenotypic-level data against genotypic-level causal 
relationships. 

3. Test Inheritance Pattern H^ypothesis: The Agenda now directs the 
SOLVER to cross a feniate and male organisms from Vial#0. ACrossRuIe 
(CR) fires because the appropriate con&tions exist in the redescribed data. 
This rule directs the GENERATOR program to cross unlike variaticms (i.e., 
a tiny-antennaed female with a bent-antennaed male) because such a cross 
produces the most knowledge about the cunent hypothesis. (As mentioned 
above for rule HGRl, Cross Rules contain several levels of genetics 
knowledge). Hence: 

CR2: IF (1) goal: plan a cross within a trait 
(2) there is a variation, VI, for which you don't 
have a genotype 

THEN cross unlikes: VI with some other 

variation 

The SOLVER also tells the GENERATOR to randomly choose one of 
the 12 female tiny-antennaed organisms and one of the 3 male 
bent-antennaed organisms. The resulting offsprings are placed in Vi?i#l. 
Figure 6 shows the computer screen at the end of the problem-solving 
session. For the time being, we need only focus on Vial#0 and Vial#l . 
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Vials Filled: VO VI V2 V3 



^VUI#0 

2 fTD 4 mTD 
2 fBS 1 mBS 
5 fTL 4 mTL 
5 fIS 7 mTS 
I- Field Pop 



— VUI#1 

2 fBS 3 mBS 
2 fTD 2 mTD 

2 ITS 4 mTS 

3 fBD 3 mBD 
LVOfTD X VOmBS J 



Vlal#2 

8 fBS 5 mBS 
4 mBL 4 fBD 



— VIjU#3 

UfTD l3mTD 
6 fBD 4 mBD 



L-VlfBSx VlmBSJ l-VlfTDx VlmTD-> 



C-VI«l#0: Aatennat Trait 1 
i2f i5in 5f 3m-l 

1 



-I2f 
-L. 



Tiny 



i5m 



Bent 



?? 



I Vial#I: Antennae Trait 1 

^ 4f 6m 5f 6m-» 



Tiny 




Tiny 




?? 


?? 



Bent 




Bent 




?? 




?? 



C*VIal#3: Antennae Trait — i pVIal#2; Anten ae Tralt-i 
I4f I3m 6f 4mJ ' I2f im » 



Tiny 



Tiny 



Bent 



Bent 



Bent 



Bent 



00 



PRESS LETTER: C)ross L)ist P)edigree S)iatistics H)ypotlieses V)ials Q)uit 



Figure 6* Sample GENERATOR Screen of a Two-Trait Problem Solved for the 
Antennae Trait. 
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The data in Vial#l icpitscnt a new set of conditions for the SOLVER'S 
rules to consider. Following the Agenda (see Figure 5), the SOLVER first 
redescribes the new data (Agenda item 3b) and then applies a series of 
Cross Explanation Rules (CER) (Agenda item 3c). One rule fucs because 
the appropriate conditions in Vial#0 and Vial#l exist. Hence: 

(1) goal: explain a cross within a trait 

(2) assumed inheritance pattern is simple 
dominance for that trait * 

(3) parents aie of different variations 

(4) offspring ait of bo0t variations 

(1) one parent and the offspring of the same 
variation are homozygous recessive 

(2) the other parent and the offs;)ring with this 
variation are hetero^gous donunant 

That is, the SOLVER finds that "unlikcs" in the parents (tiny-antcnnacd and 
bent-antennaed) have produced "unlikes" in the offspring. If simple 
dominance was in fact the underlying mechanism in our example, the cross 
could be explained by tfie abstract gerotypl: pattern: 

Aaxaa-> 1/2^+1/2^ 

The capital "A" in the genotypic pattern above represents the dominant allele 
and the lower-case "a" represents die recessive allele. The " Aa" represents a 
heterozygous allele-pair and "aa" a homozygous recessive allcle-pair. 
Figure 7 summarizes all of the possible genotypc-to-phenotype matches for 
the simple dominance case. 

Of course, the SOLVER cannot at this point determine which specific 
genotype (i.e., Aa or aa) corresponds with which phenotype (i.e., tiny- 
antennaed or bent-antennaed) in Vial#l. The SOLVER therefore has to 
perform more crosses to establish such a correspondence. 

At this point, the SOLVER continues to test the current inheritance 
pattern hypothesis (Agenda item 3d) because Vial#l has added new 
conditions for the original set of Cross Rules. Hence, the following Cross 
Rule fires: 

CR16: IF (1) goal: identify which of the offspring of an 

unlike cross are heterozygotes 
(2) there \:t two variations in that offspring; 
THEN consider crossing likes from this offspring. 

The SOLVER therefore crosses two organisms of the same variation 
(i.e., bent-antennaed) from Vial#L The results of the 
GENERATOR-created data are stored in Vial#2 (Sec Figure 6). Note that 



CER6: IF 



THEN 
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NumhT of 

Ggnotvpic L<vel Phenotvpic L<vgl Croii Typm O f fipring 



1. AA X AA -> AA VI x VI -> VI * likes 

2. aa X u aa " " 

3. AA X Aa -> i/jAA + i^jAa ^ • " 

4. Aa X Aa -> ^/^AA + j/,Aa VI x VI -> j^^VI + ^f^Vl likes 

5. AA X aa -> Aa VI x V2 -> VI unlikes 

6. Aa X aa -> j^jAa + j^jaa VI x V2 -> ./jVI + j^jV2 unlikes 



^'A" represents the dominant allele, V the recessive allele. 
"AA" represents the homozygous dominant allele -pair, 
"aa" represents the homozygous recessive allele*pair. 
"Aa" represents th^ heterozygous altele-pair. 

""VI" represents the first arbitrary variation. Notice t.iat 
several genntypic patterns can underlie the same phenotypic 
pattern. 



Figure 7. Relationship of Geuotypic to Phenotypic Data for a Simple Dominance 
Case of Two Variations (VI and V2) of One Trait (All PossibUities are Shown). 
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the SOLVER is now reasoning abouwchc i from several generations of 
data. This strategy was chosen because it approximates optimal 
problem-solving performance-something that was not always displayed by 
theexperts [2^ . The SOLVER now redescribes the'data in Vial#2 and 
tries to explain d)^ data in light of the simpb dominance hypothesis. A 
Cross Explanation rule fires because the SOLVER has found the correct 
conditions in both Vial#l and Vial#2. Hence: 

CERT: IF (1) goal: explain a cross within a trait 

(2) assumed inheritance pattern for that trait is 
sinq>le dominance 

(3) parents have like variations witfiin this trait 

(4) parents are either heterozygous or hom- 
ozygous* recessive 

(5) offspring have the same variation within this 
trait as the parents 

THEN parents are very likely homozygous-rccessivc 

while offsprixig are also very likely 
homozygous-recessive 

CER7 helps the SOLVER conclude that tiie bent variation of the 
Antennae trait in Vial#2 i2 due to a homozygous recessive allele-pair. The 
reasoning proceeds as follows: the SOLVER has akeady established from 
the previous cross that the tiny*antennaed and bent*antennaed variations in 
Vial#l are not due to a homoz> jous dominant genotype (i.e., the genotypic 
pattern 

Aaxaa-> 

accounted for the data-thus excluding AA). Of the three simple dominance 
mechanisms that could account for the appearance of a bent-aritennaed 
phenotype data m Vial#2: 

AA X AA -> AA 

AA X Aa -> 1/2^ + IHM (both cppear the same) 

aa X aa •> oa 

the first and second genotype patterns can be eliminated because boUi 
mvolve a homozygous dominant genotype. This leaves the homozygous 
recessive genotype pattern (i.e., aa x aa > aa) to account for the data in 
Vial#2. By mference, tiie SOLVER Ci:.n aJf conclude that the tiny- 
antennaed vyiation in Vial#0 is due to 2 hete^jzygous allelc-pair (Aa) 
because tiiat was the only other pair left in Vial#l. (The SILVER fills in 
these hypotheses in the pedigree diagram in place of the question marks 
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below the pedigree boxes on the screen for the benefit of the student) At 
this point, the problem seems to be solved. However, there is one more 
step in the Agenda. 

4. Check Your Result: The SOLVER has accounted for both 
variations of the Antennae trait in Vial#l on the assumption that simple 
dominance was the case. The Agenda dierrf<»6 directs the SOLVER to cany 
out one more sjep: checking the SOLVER'S conclusion with an independent 
cross. Collins [26] has found diat expert geneticists add a definitive cross 
of two hetero^gous individuals at this point in the process. Hence, the 
SOLVER applies its Definitive Cross Rules (OCR) and fires the following 
rule: 



DCRl: IF (1) 
(2) 
(3) 

THEN 



goal: become m<ne confident in an inheritance 
pattern for a trit 

assumed liiheritauce pattern is simple 
dominance with z. high degree of confidence 
heteiQzygotes have been identified 
cross the heterozygous individuals 

This rule takes a previously-identified hetero^gous individual fix>m 
Vial#l (i.e., tiny-anicnnaed), crosses a male and a female with this 
variation, and places the results in Vial#3 (See Figure 6). Again, because 
new data has been generated, new conditions exist for the application of the 
Cross Explanation Rules. This time, CER8 fires: 

CER8: IF (1) goal: e3q>lain a cross within a trait 

(2) assumed inheritance pattern for that trait is 
simple dominance 

(3) parents are hetcro^gous within this trait 

(4) both traits are present within the offspring 

(5) test comparing the ratios of offspring 
variations to 3:1 is significant 

THEN (1) increase confidence in identity of parents as 
heterozygous 

(2) increase confidence in simple dominance as 
tlie inheritance pattern 

(3) increase confidence that the parent's variation 
is dominant 

This rule confirms diat the tiny variation of the Antennae trait could only 
have come from a heterozygous allele-pair because only one simple 
donunancs rule couU account for this data: 

, Aa x Aa -> 1/4^ + 1/2^* + 1/4^ 

Notice that both AA and Aa show up as the same phenotypic variation 
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in the offspring because the allele "A" is dominant to the recessive allele "a". 
Hence, a 3 tt> 1 ratio for oheno^ characteristics is expected to show up in 
the offsprings (i.e., 3/4^" + 1/4**). 

Nonce also that, although we have confirmed the simple dominance 
hypothesis for this set of data, there still exists the slightest possibility that 
some other inhcdtance pattern andAx^ modifiers could account for the data. 
Most genetics experts m such a situation eliminate (or disconfirm) these 
possibilities with some standard disconfirmihg cros$es[26]. Hence, the 
Agenda (Item 4c) directs the SOLVER to try out some final Disconfirming 
Rules (DR) such as: 

bRl: IF (1) goal: disconfirm alternate liypotheses 

(2) inheritance pattern is simple dominance 

(3) sex-linkage is modifier under consideration 

(4) a cross of a doihinant male with a recessive 
female results in offsprings (hat are not limited 
to dominant females and recessive males 

THEN sex-linkage modifier is not operating 



The example discussed above illustrates the SOLVER'S rule-based 
approach to generating hypotheses about inheritance patterns and to 
genoating crosses within the constraints of these hypodieses. The example 
shows how rules are used for confirming and disconfirming hypotheses 
based upon the phenotypic data that emerge after each new cross. The 
SOLVER dierefore has die ability to keep track of its own inferences and the 
ability to build up genetics knowledge appropriate to a given population of 
organisms. The TUTOR will have access to all of this information and can 
use it to provide tutorial advi(«. 

Finsdly, die SOLVER, when solving problems on its own, performs all 
aspects of problem-solving. However, m die typical case, the SOLVER 
will not be making crosses. Radier, it will be suggesting crosses in light of 
certain student-chosen hypotheses and making inferences from 
student-generated data. In the latter case, the SOLVER works with die 
crosses that the student has made and dien tries to extract as much 
knowledge as possible from this data in light of hypotheses that the student 
is entertaining. 

The ADVISOR Component of the TUTORi In die section above on die 
SOLVER, we described die user-requested TRACE-STOP mode of die 
ADVISOR. In addition to die TRACE-STOP mode, we will provide die 
smdent widi odier tutorial aids: HINT, NEXT-STEP, REVIEW, and 
ANALYSIS. Each of diese commands can be categorized on two 
dimensions: one dimension deals with suggestions about a future action 
(HD^ and NEXT-STEP) or an evaluation of past actions (REVIEW and 
ANALYSIS); die odier dimension deals widi specific actions (NEXT-STEP 
and ANALYSIS) or general strategies (HINT and REVIEW). These 
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Central Advice 


^ Specific Advice 




(series of actions) 


(single action) 


Futurt Actions 


HINT 


NEXT-STEP 


(SOLVER Dau A Hypothesis) 






PMSt Actions 


REVIEW 


ANALYSIS 


(Student Dtu 9l Hypotheses) 







*Other ADVISOR commands include the TRACE-STOP and DONE options. 



Figure 8. U^sr-Rcqucstcd Tutorial Opuons of the ADVISOR Component of the 
TUTOR (Othdr ADVISOR commands include the TRACE-STOP and DONE options.) 
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Although we feel it is important for the ADVISOR to have the ability to 
decide when it is appropriate to offer advice (i.e., to have some TUTOR- 
initiated intervention strategy), we are currently focussing on what that 
advice will be. We have made a deliberate decision to implement the 
user-initiated advice-giving capabilities of the ADVISOR prior to and 
independently from the intervention strate^. This approach has many 
advantages. First, by having the student decide when he or she would like 
advice, we can have a workable tutor before actually implementing a 
TUTOR-initiated intervention strategy. Second, it is easier to add a niore 
sophisticated intervention strategy to an existing advice-giving capability 
than it is to design both features at tiie same time. Finally, by implementmg 
these capabilities independently, we can study uic effectiveness of 
alternative intervention strategies (i.e., user-initiated vs. mixed-initiative 
interventions) before implementing any one. " , 

We will now describe the user-initiated advice-giving capabilities of the 
ADVISOR: 

1. The HINT Command of the ADVTSOft: Students invoke the HINT 
option when they want a suggestion for what to do next The ADVISOR 
then gives them general prompts, and, if that advice is not helpful, gives 
them increasingly specific hints. Even though HINT provides suggestions 
about future actions, these suggestions may make little sense to a student if 
there is something seriously wrong with what he or she has already done. 
In this case, the ADVISOR will conunent on the error before providing a 
hint If there is nothing seriously wron^, HINTs will be given that are 
appropriate to one of the following categories of action: performing crosses 
(via the Cross command); making hypodieses about individual or offspring 
class genoQT)es (via the Pedigree command); or making hypotheses about 
the genetics of the population as a whole (via the Hypotheses command). 
For example, if the SOLVER determines that it is possible to make a 
hypothesis about the genetics of die population, then the hints given to the 
student might proceed from general to specific as follows: 

a. Hints to try to generate a hypothesis. For example: "Can you make 
any hypotheses? If so, please enter them." 

b . Global redescription hints to help a student generate an inheritance 
pattern hypothesis. These include: 

"What can you tell me about Ae initial population?" 

"How many traits? What are they?' 

"How many variations in each train? What are they?' 
"Have you done other problems with the same number of 
variations?' 

"What does the number of variations suggest to you?' 
"What if there were 3 variations instead of 2?' 
c. Hypothesis generating hints (corresponding to HGR rules). 

2. The NEXT-STEP Cnmrnanfi of the ADVISOR: The NEXT-STEP 
command spells out exactly vhat the TUTOR'S SOLVER would do next in 
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light of the student's current cross data and hypothesis. There are two 
possible next steps: pe rform a cross and state an hypothesis. When a 
student receives NEXT-STEP advice, he or she can ask why that advict 
was given by using the WHY conunand. in response to WHY, the rule that 
prompted the speciHc action it siven. IT the student seeks further 
explanation of tb rule, the ADVISOR may offer [14], 

a. Jtratej^reqp/anoftoRS, which the student requests by theCLARFY 
command, and 

b. support explanations, which the student requests by the JUSTIFY 
command. 

Strategy e;q>]lanations are designed to clarify Ae rule by explaining it in 
terms of more general strategies applicable to nuuty classes of genetics 
problems. Support explanations en^loy content len^lcdge and exan^les 
to justify the rule by describing or illustrating the genetic mechanisms 
underiying the rule. 

For example, a student may have cros^ Vial#0 individuals with the 
same phenotypes six time s while indicating a cuirent hypothesis of simple 
domitisnce. If the NEXT-STEP command is now invoked, the ADVISOR 
would reconmiend that the student use some of the offspring that have been 
produced and make a cross of individuals with unlike variations. If the 
student invokes the WHY command, the ADVISOR wouW present Cross 
Rule 2 (which was used earlier to illustrate the SOLVER'S rules). If the 
student tfien invoked the CLARIFY command, the ADVISOR would offer a 
more general strategic explanation (e.g. that crossing unlikes makes it 
possible for a solver to either construct or identify heterozygous 
individuals). If the student still wasn't satisfied he or she could invoke 
CLARIFY again and get explanations of a more genoal nature, such as: 

a. to match i- ^noQrpes with genotypes requires the identification of 
hetero^gous individuals, 

b. to test inheritance pattern hypotheses requires that all phenotypic 
variations be matched with genotypes, and, 

c. one action in the solving strategy is to Test Inheritance Pattern 
Hypotheses (Figure 5, Agenda Item 3). 

The purpose of CLARIFY is to help the student understand the specific 
advice provided by the NEXT-STEP com mand 

The student might also invoke the JUSTIFY command. CR2 relies on 
the empirical associations of the genofype-to-phenoQrpe relationships 
illustrated in Figure 7. The tutor might justify crossing unlikes at diis point 
in the problem-solving process by highUghting relationships 5 and 6-that 
when the variations of the parents are unlike, hefjerozygous offspring are 
produced. The next level of explanation would employ relationship 4 to 
illustrate how crossing parents with like variations can be used to match 
genoQrpes with phenotypes. 

3. The REVIEW Command nf the APVTSOR- The REVIEW 
command uses data from the student MODELER and possible student errors 
to look ba^k over the student's performance and make appropriate 
comments. REVIEW is like ANALYSIS (described below) in that it looks 
back at student actions. However, REVIEW docs a more general evaluation 
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based on student behaviors spanning the entire problem solution up to the 
point when a student asks for a REVIEW. REVIEW will make general 
comments about t!!e student's strategy such as "You didn*t use offspring as 
parents veiy often"* Comments like mis can be he^fid to a student m future 
pfoblem*solvint sessions. 

A. Thft ANALYSTS CAmmsnd nf the ADVTSOW! Whereas the 
TRACE-STOP command walks students through a solution of crosses that 
were generated by the SOLVER, die ANALYSiS command walks students 
through die crosses that they made and points out what knowledge the 
SOLVER can extract from each cross. The ANALYSIS option then 
debrieft students about the potential sipificance diat ea^h cross had for die 
problem-solving pfocess aiMv^ieie stu^ niay have made one or more of 
three types of errors: an inomsistent hypodiesis, an unwarranted inference, 
or missed a warranted inference. 

S. The DONE Commmd of the ADVISOR! The student invokes the 
1X)NE command Wiethe problem is finishedi The ADVISOR will dien: 
a. check the student's solution for consistency and point out 
inconsistencies, 

b. check the student's solution for completeness and make conmients 
about incompleteness, 

c. allow the student to return to the problem-solving environment if 
they would like to continue working, 

d. ask the student if they would like a RF«VIEW or an 
ANALYSIS. 

The Video/Graphics LIBRARIAN Component of the TUTOR 

The video/graphics LIBRARIAN manages both computer-generated 
graphics find visuals stored on a video disk. Each type of graphics 
infonnation is accessible to the T^JTOR when a decision has been made that 
a studert would benefit from tutorial advice. The information in the video 
library udll also be directly available to a student 

The gri'q>hics material will be invoked to provide support explanations 
(e.g. about meiodc events) to accompany tutorial advice. The graphics 
managed by die LIBRARIAN ate of two types-fixed visuals from the video 
disk axid interactive, computer-generated graphics. The fixed visuals will 
include, for exan^le, both commercially-iHoduced stills and moving visuals 
of actual cells undergoing meiosis as well as stylized equivalents that 
illustrate only the most salient features of meiosis. Such immediate access 
to high quali^ video materials is not typically part of genetics instruction. 

Th^ second type of visual materials under the management of the 
LIBRARIAN is computer-generated graphics. For example, an under- 
standing of die mechanism of meiosis can help a student explain his or her 
solution to a problem (a desixed learning outcome) and recognize trends in 
the data which may not correspond to a simple independent assortment 
pattern. Once students recognize such a situation, they can begin to think of 
how linkage (mcluding variable map distances and/or interference) might 
help to explain the patterns obs'*rved in the data. We have chosen to work 
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with meiosis Hnt since it is so central to understanding genetics 
pTDblem-sdviitt and because students have difficulty understanding meiotic 
processes (21, xQ. One of the ways Aat we have done this is through die 
develoimiett of a moduk called UNKA^ 

When UNKAOE is invoked 1^ the UBRARIAN or the su 
help the student better understand meioiis by provicfing an opportunity to 
test various hypothesis that they may have to explain their data* By 
invoidng LINKAGE, die student can create customi£ed chromosome/gene 
models. This is done by allowing the student to: 

1. create chromosome/gene arrangenients for two paxtntalorganisms^^ 

2. vary die map distances separating any linked genes and turn 
interference I'll txcffi 

3 . observe die chromosomes diat Aey have created undergo meiosis; 

4. scleci die numbet of of^qNing to result from crossinff two patents; 

5. observe the offspring phenotype distribution that results nom the 
cross; 

6. change any of the above variables and observe how the offspring 
phenotype data is effected 

Thus a student woddng with a three-trait problem might begin with a 
model in which each individual had three pairs of homologous 
chromosomes (e.g. where die chromosomes assort independently ^nd 
therefore are not Imked). Two individuals could be identified as parents and 
diat offspring phenotype distributions for a specified number of offspring in 
that generation could be observed It would then be possible to construct a 
single pair of chromosomes so that all three genes are on the same 
chromosome pair (e.g. linked) and do the exact same thing that was just 
dcme for the unlinted situation. The studmt omstructs as many alternative 
chromosome/gene arrangements as desired, thus having relatively 
immediate opportunities to observe how midtiple chromosome/gene models 
lead to different patterns in die phenotypic data* The importance of 
programs like diis, which die LIBRARIAN manages, is not only diat diey 
serve a tutorial function, but they provide a student with opportunities to 
woric with multiple models of phenomc.ia--something that is common in 
science, but l^s so in science instruction. 

The Student MODELER Component of the TUTOR. In order for die 
TUTOR to intervene in die student's problem-solving process with tutorial 
advice, it must have access to information about diat student The function 
of the student MODELER is to gather such information, make inferences 
from it about the state of die students*s knowledge (bodi strategic and 
conceptual), and make diat information available to die TUTOR* 

At die veiy least, die MODELER must keep a histcxry of student actions 
such as: the vials(s) from which organisms are selected for crosses, the 
making and checking of hypotheses, the making of mfercnces about the 
genotypes of individuals or phenotype classes, and if and when students do 
statistical analyses. Some of this information will be direcdy available from 
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a Student's inte .notions with the basic GENERATOR program (the vials 
from which parents were taken) or by taking a!dvantage of other 
GENERATOR functioiit (statistics or the Ftdigiee chart function). 

Beyond this, the NfODELER will need toiecognize patterns inasctof 
individual actions and to make inferences about some student acd^ For 
example, it is possible to recognize quickly that a student is taking all 
parental organisnu from ViallK). Aldiough a poblem could be solved by 
doing this, it is not an ideal approach because Udoes not acknowledge the 
importance of looking at data from within a lineage of several generations. 
It IS therefore necessary to recognize when a student either misses a 
warranted inference or makes an unwarranted iitference. This could be 
done directly by noticing when a student fails to enter genotype information 
on the pedigree chart or enters an unwarranted ^enbtype. In order to 
recognize either student action, or lack of action, it is necessary to make 
comparisons with what action the SOLVER could make in response to the 
samcdatiu 

A student solving problems will execute a set of actions similar to the 
SOLVER^S as;riida. These actions can be modeled as i»x>blem*solving 
rules. In additicm, there should be conceptual knowledge (more than rules 
or empirical associations) which underlie the rules. This causal knowledge 
(e.g. of meiosis) is the basis for pcoblem-solving wil*^ understanding and 
model-based reasoning. Both rule-based and model-based reasoning are 
ultimately important (37]« Rule-b&sed rc^^oning is easier for the 
MODELER to process, however, so we plan to develop this capability of 
the MODELER first The MODELER*s ability to infer student conceptual 
knowledge will be added gradually, bolstered by w research on novice 
knowledge of genetics and how that knowledge rf to problem-solving 
actions. 



Concluding Remarks 

In this paper, we have described an on-gomg research and development 
project that will result in a unique genetics problem^solving environment 
The environment botii simulates a transmission genetics laboratory and 
provides computer-generated advice. It is ixati. ed to supplement under- 
graduate genetics education altiiough it is flexible enough to be used in 
high-school biology or graduate courses. 

The MENDEL system embodies certain values and conmiitments to 
science education that have guided us in our design choices and research 
questions. Our conrimitments can be categorized around the following 
themes: 



1 . problem-solving with understanding; 

2 . problem-based, experiential learning; 

3 . integration of rule-based and model-based reasoning, and; 

4. collaborative, machine-mediated learning environments that 
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embody the foregoing themes. 

Our commitment to the importance of problem-solving with 
understanding (as opposed to efficient problem-solving performance per se) 
is based on our own experience as science teachm, our research on 
pn>b'iem-soIving» and our critical analysis of the t>otentiaI dangers of 
mindless learning in computer-bftscd education. 

The importance of problem-solving with understanding was driven 
home in one of our stupes with high-school genetics students who were 
using tlic GET^ERATOR program. At one point, whe*^ a group of these 
stuuenti was having a particularly hard time ^ J\ one of the 
computer-generated pr^Iems» ±t instructed ina^ .'ertently suggetxd what 
our research had shown to be a very powerful prolAem-solving rule. The 
students bcocefot^ I ^ rule to similar problems without thinking <^ 
die undtaiyoig genetics mechanisms. We had inadveiiendy created students 
who mindlessly followed roles. Tnis is not to suggest that we are against 
rules or rule-foUowing. Rather^ we want rules to emerge in the minds (and 
behaviors) of our learners as a result of experience and understanding. A 
tutor must thestfoie do much more than reveal problem-solving rules. This 
brings up our second conunitment 

Problem based learning is emerging as an alternative approach within 
medical educioion [38] and experiential learning t already well established 
in organizational tl^ry and busi Jtss education. [39] We have learned from 
these t*^ditions as weil as from our work on strategic sim'Uations that 
long-term inferencing is best learned through a series of experiments and 
associated problem-solving activities [28, 2^. 

In many ways» poblem-based, experiential learning is nothing new 
because most scientists learn to do science in this way. However, most 
students who take in joductoiy science courses do not become scientists and 
therefore do not have this experience. At most, they get a simplified, 
sanitized, rational-reconstmction cf science from a text boc^c while sitting in 
large lecture halls. This is not science but a rhetoric of ccmclusions. 

What we are trying to do is to offer these students some experience at 
conducting genetics experiments, generating and testing hypotheses, and 
developing some understanding of genetics problem-solving. The 
MENDEL system is one way to make Ais feasible. We realize that some 
aspects of problem-based learning and experiential learning cannot be 
simulated in our environir \ For e'lample, we do not include the initial 
abstraction stages of identifying traits and variations of organisms. How 
important perceptual discernment and abstraction are for genetics 
understanding remains an open research question. Whether we could use, 
or would want to use, the videodisc to simulate these initial stages of doing 
science also remains to be seen. We have chosen to give the videodisc a 
different role in our project 

Our version of problem-base experiential learning provides students 
wiUi significant and realistic trar. .nission genetics problems to solve. Our 
environment then provides students with computational tools, graphical 
representation of genetics concepts, and tutorial ad^'ke that encourage 



54 



"MENDEL: An InUlUgent Computer Tutoring 



155 



Streibel et oL 



conceptualization about the underlying genetics mechanisms. It does so by 
letting students pose questions, make conjectures (i.e., enter hypotheses), 
and learn Ax)m their experience (Le., perform crosses, use computational 
tools). Conceptualization here refers to both genetics-specific content and 
the nature of scientific inquiry. This brings us to our next cOi mitment 

As mentioned earlier, students are quite willing to stop at the 
rule-following level of pioblem*solving. However, students are also able to 
understand the reasons behind problem-solving strategies. We, as 
educators, therefore have an obligation to help our students reach their full 
potential. In science ^ucation, this means reaching a certain level of 
scientific understanding and scientific inquiry. We try to achieve this within 
the constraints of die MENDEL system by helping students use model- 
based reasoning as well as rule-based reasoning. Ruld-based reasoning is 
aided by the TRACE-STOP and NEX "-STEP commands where students 
are presented with iic heuristic problem-solving rules that the SOLVER 
uses. These commands present rules in the exact problem-solving situation 
to which they apply. Tlius, the student can activ ely en gage in applying the 
rule. Model-based reasoning is aided by the JUSllFY command as well as 
by the LIBRARIAN'S routines. For instance, the LINKAGE module of the 
LIBRARIAN will be used to explain rules for generating and testing linkage 
hypotheses in model-based terms. 

A key aspect of model-based reasoning is that the solution to a problem 
is actually the hypothesis in the nund of the student throughout the 
problem-solving process. Students therefore have to develop problem- 
solving strategies itidt exercise their critical and judgmental faculties and not 
just their teclmical abilities. Students also have to be sensitive to the data 
that emerge in their experiments. Model*based reasoning therefore becomes 
the link between theory-directed and data-directed problem-solving. 
Model-based reasoning can also be seen as the key to understanding the 
empirical associations of problem-solving rules. 

Problem-solving with understanding, problem-based, experiential 
learning, and model-based reasoning do not occur in isolation. They are not 
merely individual psychological processes in the mind of the learner but are 
inherentiy social processes. We therefore believe that this type of learning 
requires collaboration with odiers. We try to structure our problem-solving 
environment and '^ur tutorial advice so that collaboration between students 
and tutors can take place. Furthermore, we have made our simulation of a 
genetics laboratory ( . .uplex enough so that robust experimentation can take 
place (i.e., the GENERATOR is not a toy universe) and so that heuristic 
approaches to solving problems can take precedence over algorithmic 
approaches (e.g., where multiple conceptualizations ana mixed data-driven 
and theory-driven approaches can take place). This is fertile ground for 
collab<»ation. 

Our final conunitment deals with how we believe computers should be 
used in science education. We believe that computers should be used for 
strategic simulations in order to supplement science education. Strategic 
simulations remain a rational reconstruction of scientific experiments, no 
matter how complex they becone, and so can never replace actual 



"MENDEL: An Intelligent Computer Tutoring ..." 156 



Streibel et. al. 



experimentation. We also believe that computer tutors should play an 
advisory rather than in a supervisory role. Computer tutoring is a new type 
of tutoring rather than a substitute for human tutorial engagement HumCii 
tutoring still remains central for science education. Our final commitment 
therefore translates into a vision of the computer as a science teacher's 
assistant ' 
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A DESCRIPTION OF THE STR.\TECIC KJiOWLEDCE OF FJCPERTS 
SOLVING REALISTIC GENETICS PROBLEMS 

Introduction 

If reports such as gcjencg and Mathematir^ ir^ r],. <:nu^^ is: Renorr 
<?f ? gonv9(;?i;toTi (National Academy of science, 1982) are any indication, 
problem solving is a topic of special concern among science educators. 
Concurrent with this interest is the problem-solving research of 
cognitive scientists that provides science educators with insights 
into the nature of problem solving and which holds promise for educa- 
tional practice. 

One research approach used by cognitive scientists has been to 
study Che problem-solving performance of experts in content-rich 
domains, especially physics. In an early study, Bhaskar and Simon 
(1977), studying an expert in thermodynamics, noted the consistent use 
of a single p rob leir- solving strategy, means/ends analysis. They also 
noted chat the expert was consistent in performing a check of the 
solution. Chi, Feltovich, and Glaser (1981), comparing experts and 
novices solving mechanics problems, found that experts describe a 
problem in terms of the concepts of mechanics rather than in terms of 
incidental surface features. Larkin (Larkin & Rainhard, 1984; Larkin 
& Reif , 1979) claimed that physics experts begin solving a problem by 
constructing descriptions of the problem at several levels. These 
levels include a basic description taken from the facts of the problem 
statement, a scientific description which converts the facts to scien- 
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cific concepcs. and a compucacional descripcion which reduces che 
relationships of the concepts zo mathematical forn;uIae. Ir a sunTr-ar/ 
of their research on the problem solving performance of physics e>:perts. 
Larkin, McDermott, Simon, and Simon, (1980) identified four characteris- 
tics of expert performance: 1) the conceptual knowledge of the expert 
is stored and retrieved hierarchically; 2) experts have ancillary 
knowledge of when and how to use the conceptual knowledge; 3) experts 
begin to solve a problem by redescribing the dat given in the problem 
statement in conceptual terms and mathematical rel 5Ltf onships ; and 4) 
experts, solving typical problems, use a forward-working, knowledge - 
produci'tig strategy such as setting subgoals. 

In addition to the data gathered on prchlem- solving performance, 
the research on problem solving in physics demonstrated the power of 
non-statistical, small -n research. The power of this approach lies 
in the rich descriptions of subjects' problem- solving behavior that 
the researcher obtains using thinking aloud as a data gathering techni- 
que. The term thinking aloud is used to describe the solver's verbal 
reports of thoughts and images used while working on a problem. The 
thoughts are recorded and the verbatim transcripts are used by che 
researcher to infer the strategic knowledge of the olver. 

Synthesizing much of the research in problem solving in physics 
and providing a framework for further research, Reif (1983a; 1983b) 
has designed a comprehensive model for understanding and teaching 
problem so!^7ing in any science discipline. The comprehensive model 
includes models of: desired performance derived from descriptions of 
expert performance, novice performance, learning and teaching. The 



cvo componencs of che perforniance irodels are the r.;o Z'.yes of knowledge 
required to scLve problems, which Reif designaces as conrenc kr.owlp^^.ro 
and s_craceglc knowledge . He identifies three aspects of content 
knowledge; 1) the concepts and principles of the discipline; 2) the 
ancillary knowledge of when and how to use this content knowledge; 
and 3) the structure of this content knowledge. He also identifies 
r.hree categories of strategic knowledge: 1) data redescription stra- 
tegies which enable the solver to identify thci essentials of a problem 
and limit the problem space; 2) solution synthesis strategies by ' hich 
the solver plans and executes ways to search the problem space; and 
3) solution assessment strategies by which the solver decides if the 
answer is as complete and accurate as possible. 

Although physics was the first science discipline in which problem 
solving was studied, transmission genetics is receiving increased 
attention from researchers. Paralleling the research in physics, 
Smith & Good (1983, 1984a, 1984b) have described the strategies of 
experts solving genetics problems. They identified 32 tendencies 
that can be used to differentiate between expert (or successful) and 
novice (or unsuccessful) problem- solving performance in genetics. 
The tendencies of successful solvers that included: 1) that they 
perceive a problem as a task requiring analysis and reasoning; 2) 
that they use knowledge -producing (forward- working) strategies, 3) 
that they begin solving the problem by investing initial time in 
qualitatively redescribing the problem; 4) that they make frequent 
checks of their work; and 5) that they use accurate bookkeeping pro- 
cedures. Smith and Good found that experts also have a fund of accurate 
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genetics knowledge which includes models of procedures for probleni 
solving. 

The problems used by Smith and Good were challenging they 
required the solver to analyze data about offspring and infer the 
genetic causes of the data. But the problems were taken from textbooks, 
and textbook problems tend to require students to use relatively 
few, and recently- taught, concepts to obtain solutions. Textbook 
problems are well -structured whereas real problems in science tend 
to be ill-structured and require that the solver determine what concep- 
tual knowledge is needed to obtain solutions. The performance of 
experts solving real problems has been studied In the field of medical 
diagnosis. Shulman, Elstein and Sprafka (1978) have identified several 
characteristics of medical diagnosticians who were judged by their 
peers to be highly successful. These characteristics include: 1) 
that they are not limited to the cues (data) in the original problem 
situation but continuously produce additional data; 2) that the strategy 
used most often to make a diagnosis (solve a problem) is hypothesis 
testing; 3) that expert diagnosticians entertain several hypotheses 
simultaneously; 4) and that hypotheses are confirmed, revised or 
discarded in light of additional data. 

Computer simulations make it possible to create realistic problem- 
solving environments in which the problems are ill- structured, like 
real problems. Real problems in transmission genetics are not only 
ill -structured but also differ from typical textbook problems ivi 
form. In textbook problems, the solver is presented with a description 
of a trait (for example, height in pea plants) and variations (for 



86 



example , call and shore) of parencs. and che inner^* ranee pattern 
(for example, simp.le dominance) controlling che production of offspring. 
Given che liraiced. scacic daca, che solution is Co predicc che distribu- 
clon of che variacions among che offspring (3/4 of che offspring 
win be call and 1/4 of che offspring will be shore). To reach a 
solucion requires cause-co-ef fere reasoning, chac is. from che in- 
hericance pactem Co che discribucion of variations iuflong the offspring. 
Ip real genecics problems che researcher begins wich observacions 
abouc a populacion of organisms. The researcher seleccs pa^encs 
with craics and variaclons of inceresc (decides whac che problem is) 
and produces generations of offspring (data) uncil an inhericance. 
paccern can be inferred. To reach the solucion requires effecc-to- 
cause reasoning. Realistic, compucer-generaced problems in genecics. 
such as problems generated by GENETICS C0NST7.UCTI0N KIT (Jungck & 
Galley. 1984). provide an opportunity for students to learn to solve 
problems which lack structure. 

Stewart (in press) claims that learning to solve realistic problems 
provides suudents with the greatest potential for achieving four 
important learning outcomes. These are: 1) knowledge of the concepts 
of a discipline; 2) che abilicy Co recognize and use general problem- 
solving scrategies; 3) the abiliC" to apply general and discipline- 
specific problem-solving scrategies; and 4) co understand aspects of 
che nature of science. In genetics, solving realistic problems provides 
students with opportunities to pose the problem, to use their knowledge 
of genecics to generate and ovaluace data, and to arrive at justifiable 
explanations of their solutions. 
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A descripcion of the scraregic knovUcge of expc-rrs sol/irg 
realistic transmission genetics problems can contribute to chti cl-eoreci- 
cal knowledge about problem solving in sc* nee by providing insights 
into the characteristics oi successful problem-solving performance: 
on realistic genetics problems. A description of the scrrcegic know- 
ledge of experts can also provide science educators with insight in 
designing instruction to enable students to learn to solve realistic 
problems . 

The primary purpose of this repo*. is to describe the problem- 
solving strategies of experts solving realistic, computer-generated, 
transmission genetics problems. A secondary purpose is tr suggest 
implications for instruction in solving realistic genetics problems . 

Methods 

lungck & Galley's, (1984) GENETICS CONSTRUCTION ICET (GCK) was the 
str^^te-"' simulation program used to generate realistic transmission 
generics problems. The simulation begins by displaying a population 
of field-collected organisms with the sex and phenotype of each in- 
dividual identified. The solver then selects individuals for parents 
and crosses them to produce offspring. Generations of offsprii g can 
be produced until the solver is able to infer the inheritance patterr 
operating ^n the population. Inheritance pattern is the term used to 
summarize the genetics knowledge required to match a phenotype (thv 
trait and variation observed, for example, green pea pods) wi-:h the 
genotype (the abstract, t.,eoretical genetic factors causii:g the varia- 
tion, often a pair of alleles expresses as cy..ibols such as 'Gg'). A 
problem must have an inheritance pattern for each trait and these 



inheritance paccerns are mucually exclusive. The mosn con-.^op, in- 
heritance paccerns caught in introc.uc-or/ biolog;.- are sLT.oIe dorr.ir.ar.ce . 
codominance. and multiple alleles. After the inheritance pattern 
has been inferred, the solver may decide that a modifier is also 
operating on the population.. Modifier is the term used to describe 
a condition that may alter the distribution of phenotypes within an 
inheritance pattern without affecting the genotype-to-phenotype match. 
For example, the position of the alleles on the chromosome may result 
in some traits frequently being inherited together. Modifiers cannot 
exist independently of an inheritance pattern and more than one modifier 
may affect a single inheritance pattern at the same time. The modifiers 
usually taught in introductory biology include sex linkage and autosomal 
linkage. 

GCK can be programmed to generate populations of many types of 
organismc. In this study the phenotypes of the organisms were traits 
and variations of insects. In a GCK problem an organism may have up 
to four traits. GCK organisms are diploid with homogametic females 
and heterogametic males. Vith GCK it is possible to construct problems 
with the following phenomena within the domain of classical Mendelian 
or transmission genetics: 1) simple -orainance (dominance -recessive - 
ness); 2) codominance; 3) sex linlcage; 4) pleiocropy; 5) epistasis 
and other gene Interactions; 6) lethality; 7) multiple alleles; 8) 
penetrance; 9) autosomal linkage; 10) multifactorial inheritance 
with and without environmental effects; and 11) complex combinations 
of most of the preceding phenomena (Jungck & Calley, 1986). 
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The pararaecers accually used co conscrucc cLasjes of prooIeT.s in 
this study were: number of craics - cvo : inheritance paccem - sii?ple 
dominance, codominance. or multiple alleles; modifier - six linkage 
cr autosomal linkage. These classes : problems were chosen because 
they are typical of those used in high school and undergraduate biology 
instruction. 

Seven experts solved realistic GCK-generated problems. All of 
Che experts have doctor^.l degrees and experience in both teaching and 
doing research in genetics. Each expert spent an hour with the resear- 
cher learning the mechanics of the computer program. At this t:.Tie the 
experts were given the list of phenomena possible for problems ger.er ced 
by GCK, but were not told the parameters actually used in constructing 
the problems they were about to solve. After the initial hour, in 
order to eliminate discomfort and/or silent clues possible if the 
resea.-cher were present, each expert spent four additional hours 
alone solving problems. Because the experts worked at their own 
pace and because the problem generator was random, every class ol 
problems was not addressed by every expert and some experts did more 
than one problem in a class. The classes of problems attempted by 
each expert are presented in Table 1. 

In Che initial session with the researcher, the experts were alsc 
asked to think aloud while solving the problems. They were given 
wriccen directions on thinking aloud such as "Don't mumble". On the 
written directions were questions to ask themselves, such as "Why are 
you making the cross you are making?" with suggestions of points in 
Che problem-solving procesj to remind themselves to think aloud, such 
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Table 1 

Problems ACCenroCed hv Knr.h Expert hv ProhTpm n -,e 



ISEEEI 1 2 3 4 5 6 7 TOTAL 

Simple 

Dominance 2222222 14 



Codominance 2 2 12 2 2 

Multiple 

Alleles 4 1 112 

Sex 

Linkage 112 11 1 

Autosomal 

Linkage 2 111 11 



TOTAL 11 7 6 7 6 6 4 
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as while che program is prcducing offspring from a cross. I: was also 
emphasised that the transcripts of che tape^ of them chinking aloud 
prc/ide part of the raw data of educational research, and that too 
much data is preferable to too little data. 

Two types of data were available for analysis: 1) the transcripts 
of the thinking aloud protocols and 2) the computer princouts of the 
sequence of crosses made by each expert for each problem, including 
the expert's solution. These data are termed research data to distin- 
guish them from the data about offspring generated by the expert 
while solving the problem, which are termed problem data, A sample 
protocol and a sample printout for a problem are found in Figures 1 
and 2 respectively. The class of problems from which the protocol 
and printout are taken is a two- trait problem with a simple dominant 
inheritance pattern and no modifiers. This problem and this class 
of problems will be used as examples in the analysis. 

Analysis 

The analysis and reduction of the data gathered from the perfor- 
mance of experts solving realistic genetics problems occurred in four 
stages. The first stage was to express the research data in terms of 
the concepts and principles of transmission genetics and group them 
into one of three categories; 1) about the problem data; 2) abouc an 
hypothesis about genotype to phenotype mappings that explains the 
results of a si.gle cross, called a specific hypothesis; and 3) about 
an hypothesis abcat the inheritance pattern that could explain all 
tho crosses and predict the results of additional crosses, called a 
general hypothesis. This first stage of data reduction required 
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W'ell. fortunatelv we're back ^n s 

teristics. • ^ Phenotypes and tr.-o groups of charac- 

Yellov and straw and red and lobed. 

scare with a dihybrid cross. 

WE '11 just for fun assume that tha lo,^,. * 

is going to be doubly "cessive and do i.'"'"'^"' ^^^-^^^P^ 
That means it's SL. (straw and lobed) 
I'll start with an SL by SL mating. 
And we got all SL's. 
That's helpful.. 

Let's try a by SL cross and then do an F(2) . 
If it works the way I'm expecting. 
OK YR by SL gives uh only YR's. 

t^sr^l'Srl'^.^JT:^ - a ^o-^Sous YR and now I have 

So we should get a nice distribution by crossing them., 

I^t's see if chis new line is basically a 9:3:3:1. 

20:9:5:2 which is very, very -,se. 

So I'm sure I know what is going on already. 

Might as well confirm it. 

Doing a test cross 

Let's see Vial 2 by Vial 3. 

That gives a 14:10:8:8 which I'm sure is near enough co l:l:i:i. 

V and R are independently segregating and -.re dominant over S a„a L. 
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Concencs of Vial =L (field collected pooulation) 
8 F Yellow Red 7 M Yellow Red 

1 F Straw Lobe 1 n straw T.obe 

1 I f fr ^ ^ Straw Red 

2 F Yellow Lobe l n yellow Lobe 

Entering CROoS 

Vial Phenotype «3 Individual ;*1 (f SL x m SL) 

Viai ftl Phenotype =4 Individual #1 

Contents of Vial ^2 (offspring from cross above)- 
16 F Straw Lobe u m Straw ' Lobe 

Entering CROSS. . . 

Vial #1 Phenotype #1 Individual #2 (f YR x m SL) 

vial #2 Phenotype #2 Individual #2 

Contents of Vial s=3 (offspring from cross above)- 
20 F Yellow Red 28 M Yellow ' Red 

Entering CROSS 

Vial #3 Phenotype #1 Individual #7 (f ^/R x m YR) 

Contents of Vial (offspring from cross above)- 

10 R Yellow Red in m Yellow Red 

3 F Yellow Lobe 2 M Yellow Lobe 

1 F Straw Lobe 1 m straw Lobe 

2 F Straw Red 7 M Straw Red 

Entering CROSS. . . . 
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Vial #2 Phenotype #1 Individual ;#8 (f SL x m YR) 

Vial Ap3 Phenotype #2 Individual #5 

Contents of Vial 5^5 (offspring from cro.s above) - 

f ^ SCraw Red 8 M Straw Red 

6 F Yellow Red 2 M Yellow Red 

5 F Yellow Lobe 5 M Yellow Lobe 

5 F Straw Lobe 3 M Straw Lob 3 

Solver's Solutinri 

Dihybrid. Alleles Y and R are dominant over S and L, respec- 
tively. They appear to be completely independently segregat- 

Currecg Answer 

Trait #1 (Body): There are 2 alleles. 
Genotypes map to phenotypes as follows: 

1.1 IS Yellow 2,2 IS Straw 1,2 IS Yellow 
Trait #2 (Eyes) : 

Genotypes map to phenotypes as follows: 

1,1 IS Red 2,2 IS Lobe 1,2 IS Red 
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four seeps., an example of which is shou-n in Table 2. Seep 4 was co 
illuscrace the dynamic, non- linear nature of che solution process. 

The second stage in the reduction of the research data was to 
tabulate all the data refined in the first stage for all solvers for 
one class of problems. A table was constructed for each cross. Table 
3 is the table for the first cross for all experts for the simple 
dominant problems they did. Comments about problem data are coded in 
the row labeled "redescription. " if there was a comment on the number 
and types of variations, the code is "v" . Comments on the number of 
classes of phenotypes are coded "c". Comments on missing classes of 
phenotypes are coded "m" , If the expert used symbols such as letters 
instead of words to discuss the traits or variations, the symbol row 
is marked. For example, in Table 3. in che first column, the solver 
refers to the straw, lobed class of phenotypes as the "SL group".. 
Comments about general hypotheses were coded. For example. SD is the 
C'de for simple dominant. To code the research data about the specific 
hypotheses, a chart was constructed of six possible crosses based on 
the phenotypic variations of the parents and the rffspring produced. 
Each cross was assigned a letter which was used f.r coding. For 
example, specific hypothesis C is the cross of homozygous (individuals 
with like alleles, aa) recessive parent with another homozygous reces • 
sive parent producing offspring with one variation the same as the 
parents. Specific hypothesis F is the classic Mendelian cross of 
heterozygous (individuals with unlike alleles, Aa) parents producing 
offspring with two variations in a 3:1 ratio. The row labeled "type 
of cross" was a quick reference to the parents having the same variation 
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Step 4 Draw currows to 
Lepireseiic Liie SDequeiiv^tj 
and relationsliip of (ED) , 
(SH), aid (GH) 


0 


we're back to 8 plieiio- 
tyfxss & 2 groups of 
cl larac ter i s Lies y el low 
& straw S red & lobed. 
Start w a sinple 
diiiybrid cross, we* 11 
just for fun assume 
Uiat tlie least frequent 
plieiiotype is gciiig to 
}jG doubly recessive & 
do it. 


PD ai OI 
8 plieno least sinple 
2 group fre- Ji- 
diarac. quent hybrid 
yellow is 
& straw doubly 
red & rec. 
lobed. 


0? 3H GU 
classes aa x s.u?ple 
traits aa Vam 
varia aa 
tions double 

note 
lfp= 
rec 


PD SH OI 

. -i— 
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I'll start witli an SL 
by SL mating & we got 
all SL's. lliat's help- 
ful. 


m SH GH 

all SL X lielpful 

SL SL 

mating 


m SH QJ 
^its aabb x confirm 

aabb ^D 

aabb 






Table 2 — Stage One: 

Data R?2duction - Sinple DoiiunaiK::e 
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I;il)lc 3 — Staee Two: 

DATA TABUI-i\TiOH - SlIll'LE DOMlNAt^CE 



Vvi jJon 




1 




2 


3 




4 


5 


6 


7 


I'l olil cm 


1 


2 


1 


2 


1 


2 


1 


2 


1 


2 


1 


2 


1 


2 


Kc'J osc r 1 pL loii 




in 


V 




c 

V 

no*' 
like 
















m 




.Syml»ol 


X 




X 


X 














X 


X 






f^i lU'I .1 I 

Ilypotlicsls 


SI) 


other 
SI) 






SD 




SD 




SD 




SD 


SD 




SD 


.S|M'< jf ic 
Hypo I lies is 


C 


C 
I) 






E 




c 




F 




C 


C 




C/A 
D 


lypo of Cross 


L 


I, 
U 


U 


U 


U 


L 


L 


U 


U 


L 


L 


L 


1 

L 


L 


HOIKS 

78 

ERLC 




separate traits 

ratio 

sex ratio 


to 
rt) 

M I 
to I 

J 
I 

■1 


> to to ' 

1 (D rt) 

) X : 

) p y 
♦MM / 
» P P 
rt rt t 

r H' rt) 1 

O i 
^ rt a 
H i 
p 

rt 

eft 


s^eparate traits 

ratio 

create h 


ratio 
sex ratio 


► 
1 

V 
V 

n 


separate traits 
ratio 

create bet 


separate traitjs 


bave bypo but 
no confirm 


separate traiti 
missing class 




sex ratio 
series 


rt to 

M n> 
p 

p. p 

rt M 
to P 

rt 

rt) 

7c 



• 



11 

(L for like) or differenc variacions (U for unlike). Observations 
about Che research daca chac were not easily coded were .oced in 
abbreviated form in the last row. 

In the third stage of analysis, the tabulated data were grouped 
into the three categories of strategic knowledge, to describe the 
performance of all the experts for each class of problems. Table 4 
is the summary of the research data about problem data r*^description 
for simple dominant problems; Table 5 is the summary of research data 
about hypothesis testing, the solution synthesis strategy used in 
simple dominant problems; and Table 6 Is a stommary about confirmation, 
the solution assessment strategy used in simple dominant problems. 

The fourth stage of the analysis was to combine all the research 
data about the strategic knowledge of experts solving all the classes 
of problems considered in this study. The result of this analysi 
the description of the strategic knowledge of experts solving realistic 
computer-generated transmission genetics problems which follows. 

Data Redescription Experts tend to use data redescription is to 
isolate the essentials o£ the problem and limit the problem space. 
The experts include in their data redescription statements about the 
number and name of the traits and variations. They also combine 
individuals with the same phenotypic variations and consider classes 
of phenotypes. Identifying the number of variations for each trait 
and the number of classes of phenotypes is helpful in forming an 
hypothesis about the inheritance pattern. For example one expert 
begins: 

"So we have floppy vs. straight as a pher^otype for something 
and expanded and vestigial about wings. We seem to have 
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Table ^ 

Data RedescriDt!-;n n — SlmT>Ie Pom; 



Details of Inicrial Redescription 

••14 of 14 problems have some type of initial redescription 

••10 include comments on traits, variations and classes of 
phcnotypes 

••2 include comments on traits and variations 

2 include comments on the number of classes of phenotypes 
••5 note missing classes 

•• 4 note least frequent phenotypes; of these, 1 also notes 
most frequent phenotype 

Additional Occasions of Redescription 

2 problems are redescribed when the attention of the solver 
is focused on the second trait 

-• 6 problems are redescribed whenever an alternate hypothesis 
is considered 

•• 4 problems are resescribed at the end of the problem 



Table 5 



Origin of the C neral Hypothesis 



" s'tated^JrL^r ''"P'* ^"-"^"^""^ inheritance pattern 

oV^LXo::ib^^^L^^^^ be,inLnrr:;.i.. 

Definitive Cross 

J?hybrfd'F(2)'cros's"i:'"''^ P"'^''"''' * monohybrid or 

- lu 2 of tbesi tlTLr '° ""^'"^ ^ '^°=>T« Phenotype 

-- In t !„ Ki! heterozygote is constructed 

In 6 an obligate hecerozygoce i.c located 

" ^Ted lo iLr""^"^^^ "^^"^ P"^^^'"^ =he linkage cross is 
used to match genotype to phenotype 

-- In 3 an obligate heCerorygote Is used 
Alternate Hypotheses 

" Sd",?n"r " ' """""" "-K^r-d 

" "--Tti^frbv'IlK P«"n, Is confirmed 

/ times by the linkage cross 

-- 4 times by a dyhybrid F(2) cross 

rejecte'd"''"" "'^ ''"^^^ considered and 

2 llZl ^f^"^ inheritance pattern is confirmed 
^ times after the second c^oss 
- 2 times it is rejected by the sex linkage cross 

" CO s:;;or^"it''°''"'^ "J^^^^^ '^^^^^ " --Hing 

lo suLti" '"'^''"^ '^^^'-'^^ no^^'ing 

" ^ P"^l«»« °=her hyiothese.- are considered - sex influence 
sex limited and interaction intluence, 
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Table 6 

Snluclon Assessment - Simple Domin^ince 



1. Mathematical 

In 8 of the 8 problems that use an F(2) , rati :> are used to 
confirm the inheritance pattern and genotype tc phenotype 
match ^ 

In 1 problem Chi square is used 

••In 7 problems the solver says the ratio "looks ok" 

•• In 3 problems Chi squared is mentioned but not used 



2. Strategic 

•• In 6 probl^.ns both an F( 2) and a linage cross with ati examina- 
tion of their ratios are used to confirm simple dominance 

•• In 4 problems the definitive cross is repeated with different 
individuals, in 1 case the reciprocals of the F(2) cross 

•• In 9 of 11 problems at least two methods of confirmation are 
used 
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cvo phenocypes for each of cvo character is cics in pai-vise 
comoinacions. Ic could be. although we have no assurance 
oc ic, a simple case of cvo loci perhaps ^ndependenc affecting 
C/fo differenc characteristics. " 

In addition, the expercs noce any missing classes of phenoc-.Tjes. For 
example, one expert says 

"...there are eleven differenc kinds, we've got eyei and 
bristles. There are only two types of bristles, hairless 
and singed, but for eyes we've got apricoc, red, plum. Now 
what combination is not there. . .Let's counc up... There are 
1, 2, 3, 4, 5, kinds of females and 6 kinds of ma^es. So 
we're missing a clasps of females." 

A missing class of phenocypes by sex among the offspring of a cross 
may indicate that the sex linkage modifier is cperacing in that popula- 
cion. A missing class of pho.notypes by variation or an unbalanced 
distribution of individuals by variation is an indicator that the 
autosomal linkage modifier might be operating in the population. 

Data redescription always precedes the formulation of an hypothesis 
about inheritance pattern or modifier. Therefore, for example, 
data redescription occurs at the beginning of the probleir. One per.-on 
begins 

"In this problem I suppose that all three genotypes are 
expressed as differenc phenocypes for tiny, specked a id 
sable which would mean codominanc or else chac chere are 
more Chan two alleles ac the locus." 

Expercs also redescribe che problem daca in che course of the 
solucion synchesis whenever an alcemace hypochesis is fonaulaced. 
Alcemace hypochei.es are formulaCed 1) when a cross produces new 
daca chac alcers the es&encials of che problem; 2) when the solver 
is unable Co infer or confirm an inhericance paccern; and 3) when 
solvers realize chey have made an error in daCa interpretation. One 
example of new data altering the problem is: 
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"Even before I begin I am suspicious zb.az chere 
is soraeching funny because there are no b (blisce'-.- 
wing) males... I'll do a bs (blister wing, seoik 
eye) female with an ss (short wi..^, sepia eve) 
male cross... Oh. there are b (blistery wing) 
males, so much for that hypothesis. Now there 
are 8 groups and it looks like it is simple (do- 
minance ) . " 

Data redescription also occurs wh^n a solver considers a hypothesis 
about a modif-ar and. in a multi-trait problem, when the solver begins 
to focus on the inheritance pattern of a different trait. In consider- 
ing a modifier one expert says: 

"I crossed an sc (scarlet ocelli, crinkled antennae) 
by a wb (white ocelli, blont antennae) and Wow. 
yeah I got - 2 wc's (white ocelli, crinkled aiTten- 
nae). 1 sb (scarlet ocalli, blunt antennae), -^0 
sc's (sci.iet ocelli, crinkled an^^nnae) auf' 
11 wb's (white ocelli, blunt antennae). I ccn 
see Clearly that I got an excess of parental 
types contributing to the het-irozygotes that I 
used in the cross which suggests strongly that 
these are not independently assorting but linked." 

By redescribing the data, the solver is able to limit the problem 
space to reasottable general hypotheses and consolidate and recall 
knowledge that has been obtained from the crosses that have been done 
sc far. 

Solution Svnthesi,s Experts tend to use solution synthesis stra- 
tegies to plan and execute a search of the problem space and enable 
the Silver to infer, a s-olution. In realistic transmission genetics 
problems the solution strategy that is used by experts is hypothesis 
testing. Experts formulate two types of hypotheses -- general hypo- 
theses about the inheritance partems and modifiers and specific 
Hypotheses about the distribution of variations to offspring for 
each crosr. Because new data is continuously produced, there is an 
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inceracclon beceen chc p.oble. d.=a. =he specific hypocheses and 
Che general hypotheses. One experc begins: 

^•ve got four classes each of males and females so ther^ 
IS no reason not to chink it is simple so I'll cross cJJ 
dw s (dumpy wing, white eye) with the sc's (shiny winr 
cinnabar eye) and all the offsprin, are dw du^py HZ 
white eye), so if d (dumpy wing) and w (white eve 7 ^?; 
ominant. the offspring are all heterozygotes " " 

m the ex.^ple. the initial population d^ . presents an organism 
With two variations ,r each of two traits. The redescription allows 
the expert to retrieve t.e knowledge to formulate an initial, tentative 
general hypothesis of sin^ple dominance. The expert then chooses to 
cress parents with unlike variations, ucing the specific hypothesis 
that if the genotype of ox e parent is homozygous dominant and the 
genotype of the other parent is homozygous recessive, the offspring 
will be heterozygous ha- ing a dominant phenotype. to predict the 
distribution of variations among the offspring. This cross is then 
performed, and the results agree with the prediction. The new.y 
generated data supports the specific hypothesis and the specific 
hypothesis helps the solver infer the general hypothesis. This interac- 
tion ber..en data, specific hypotheses, and general hypotheses continues 
throughout the synthesis of the problem solution. 

Also, in the solution synthesis, for each inheritance pattern and 
mo^-lfier, there is a cross or class of crosses that, once performed 
end explained, assures the solver that the solution is justifiable. 
This cross is being termed the definitive cross. In simple dominance 
and codominance this definitive cross is the F(7) cross; in multiple 
alleles the class of crosses used to justify the solution includes 
t:vo F(2) crosses. An F(2) cross is between two parents that are 
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known to be hecero=ygoces vich che discribucion of variac.ons co che 
offspring in a 3:1 (dominant : recessive) ratio, m che exa.pU begun 
earlier in this paragraph the expert continues solving the problem 
by using the offspring from the first cross, asvoming they are hecer- 
o^ygotes. as parents in the second cross. This is an F(2) cross for 
both traits. The definitive cross in all classes of problems except 
sex linkage requires the identification of heterozygous individuals. 
In this problem the expert has constructed heterozygous individuals 
by crossing parents with unlike phenotypes. 

Once the inheritance pactem has been inferred, the expert con- 
tinues to do crosses to decide if a modifier Is operating on the 
population, Einher because of indicators in the problem data and/or 
to assure themselves the solution is complete, experts usually consider 
both sex linkage and autosomal linkage modifiers. In testing for 
modifiers, the interaction between the problem data, the specific 
hypotheses, and the general hypotheses continues. The.e is also a 
definitive cross to justify each modifier. In sex linkage the defini- 
tlve cross is between a domir^nt male and a recessive female, produc/.^ 
recessive male and dominant female offspring, m the t-.o- trait Auto- 
somal linkage problems, tne definitive cross is bet^.een a parent 
that is heterozygous for both traits and another that is homozygous 
recessive for both traits. The indication that the traits are not 
• ^dependent is that the ratio of the distribution of the variations 
to che offspring is not the expected 1:1:1:1 ratio. 

By formulating two types of hypotheses, and by generating addition- 
al data that are either explained by. or predicted from, an hypothesis. 



experts are able co infer justifiable solucions co ^enecics probienis 

golugion Assessment Experts tend co use solution assessment 
strategies co assure the solver chac the solucion is as complece and 
accurace as possible. While decerraining che presence of a modifier 
in the problem, the experts are assuring chemselves chac the solucion 
to the problem is complece. 

Experts confirm that a solution is accurate by collecting addition- 
al evidence beyond the definitive cross. Although the Chi square 
test can be used to determine if the observed distribution of variations 
to offspring agrees with the expected distribution, experts seldom 
tise the Chi square test. Rather, they compare the ratios of the 
distribution of the variations by intuition, without the formal statis- 
tic 1 test. Experts also increase their confidence in the accuracy 
of the inheritance pattern and modifier hypocheses by doing additional 
crosses that are explained by or predicted from the general and specific 
hypotheses. Whenever possible, experts iise more than one method of 
confirmation. One example of confirmation is, "I chink now I'll do 
its reciprocal." Another expert says, "...this is basically the 
9:3:3:1 - 20:9:5:2, which is very, very; very close. So I'm sure I 
know what is going on already. Might as well confirm it by a test 
cross." A ch-'rd example of confirmacion is che expert who say.^, "I 
think I'll just repeat t.iac cross a few times to jack up the numbers 
before I pull out my calculator .. .Oh. th*^ >-atio is getting closer 
all the time." The description of the strategic knowledge of experts 
xised CO solve introductory level realistic transmission genetics 
problems is sttmmarized in Table 7. 
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Data Redescripcion 



Consists of 

number and name of variations 
number and name of traits 
number of classes of phenotypes 
— mis5'-«g classes of phenotypes 



*' ""j;:-;},^""ibution of individuals to classes of phenocypes 
inxtiaUy occurs prior to fonnulation of a general hypotSis 



Solution Synthesis 

Consists of hypothesis testing 

^" S^o-?^ l^ypotheses about inheritance patterns and modifiers 
specific hypotheses about crosses "^uiciers 

Occurs by 

" hypotheses to explain data generated by crosses 

-- predicting new data by crosses from hypo heses 

Requires 

" Aeses""" °^ 'P'"^^" hypotheses and general hypo- 

performing a definitive cross using heterozygotes 



Solution Assessment 

- Occurs by collecting additional evidence 

" ll^'T.t other informal mathematical tests 

by dofng additional crosses 

- Includf^s more than one form of confirmation if possible 



Table 8 summarizes che genecics feature of each category of 
strategic knowledge used by the experts to infer the solution for 
each class of problems. 

The description of the performance of experts solving realistic 
computer* generated trarsmission genetics problems can also be stun* 
marized as a flowchart (Figure 3). In this flowchart there are many 
paths and feedback loops, but the three categories of strategic know- 
ledge used in solving genetics problems --data redescription, hypothesis 
testing and conf incation-^regularly recur. From the flowchart it is 
also evident that the opportunity to produce problem data is essential 
for the solution of these realistic problems. 

Implications 

From the description of experts' knowledge, one implication can 
be made about the utility of using Reif's model as a starting point 
for the study of problem solving in science. The categories of stra- 
tegic knowledge identified by Re ' to describe problem solving in 
physics data redescription, solution synthesis and solution assess- 
ment have been used to describe probl<^m solving ^ri transmission 
genetics. The details within each category are different ^or genetics 
problems and physics problems, but this is expected since the dis- 
ciplines are different, and the realistic problems studied in genetics 
are not lika the textbook problems studied in physics either in striic- 
ture and form. Among the differences are: 

1) that; in the physics problems the data is limited to what is 

given in the problem statement while in the genetics problems 

continuous data production is possible; 
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Table 8 

Summary of Details of Strategic Knowledge 



REDESCRIPTION SOLUTION SYNTHESIS SOLUTION ASSESSME^TT 



Simple 
Dominant 



CHARACTERISTICS DEFINITIVE CROSS 

2 variations/ F(2) 
trait 



CONFIRMATION 

Chi square 
linkage 



Co. 

Dominant 



3 variations/ 
trait 



F(2) 



Chi square 
linkage 



Multiple 
Alleles 



3-6 variations 
/trait 



Series of crosses 
with an F(2) 



Match all pheno- 
types to a genotype 



Sex 

Linkage 



Missing class 
of phenotype 
of one sex 



Dominant m X 
recessive f 



None 



Autosomal Missing or low Linkage 
Linkage frequency class 
of phenotypes 



Repeat cross 
with different 
individ;xals 




Ir.sui : :c 


lent 


Data 






Series 


01 


Crosses 


for 


More Da 


ta 



Formulate 
Hypothesis 
on Inheritance 
Pattern 



HaiQe 
Crosses 



1 



Identify 
Beterozygotes 







, i 


Fail 




Test Hypothesis by 
Definitive Cross 




Confirm 



T.f present and 
Possible Second Trait 



Missing Classes 
Different Not by Sex 




Low Frequency 
Classes 



Missing Classes 
by Sex 



Foraulate Hypothesis 
Autosomal Linkage 



Formulate Hypothesis 
Sex Linkage 



Test Hvpoth#s^s 
oy Linkage Cross 



Reject 



Test Hvpot^h^i^ict 
by dom m X rec f v 
-^dom f -f r ec m \ 



Confirm 



End 



Reject 



Confirm 

nn 

End 



Figure 3. Flowchart of Solutioa Path used by Experts to Solve 
Realistic Transmission Genetics Problems 




IS 

2) that in Che physics problems che solucion requires a mache- 
raacical formula while no machemacical formula exi.^ts for 
the solucion of che genecics problems; and 

3) chac in che physics problems che solucion has a numerical 
value while in che genecics problems che solucion is a 
confirmed hypochesis. 

In lighc of che dissimilaricy of physics and genecics problems, che 
face chac che same cacegories of scracegic knowledge can be used co 
describe problem-solving performance in boch disciplines supporcs 
che ucility of che model, 

A second implicacion. which may be imporcanc boch co che scudy 
of problem solving and co che design of inscruccion in problem solving 
in science, is abouc che concenc knowledge of experc problem solvers 
in genecics. Alchough concenc knowledge is noc che emphasis of chis 
scudy. ic is evidenc chac expercs have a large score of highly or- 
ganized, easily recrievable informacion available for problem solving. 
The use of scracegic knowledge could nnc be described withouc reference 
CO che concenc knowledge - for exainple. of inhericance paccems and 
modifiers, of specific crosses, of craics .nd variacions. of dominanc 
and recessive variacions. of phenocypes and genocypes, of homozygotes 
and hecerozygoces, Ic is also evidenc chac chis cor.cenc knowledge 
has associaced wich informacion of when and how co use che scracegic 
knowledge. For axample. che expercs know chac an F(2) cross yields 
data useful in cescing che simple dominant inhericance patcem hypo- 
thesis, and that chis cross requires heterozygous individuals. In 
the study of problem solving, further research is needed to anal>ze 
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and explicate che content knowledge required for successful problem 
solving in genetics. Likewise, instruction desigr^ed to teach probler.- 
solv-ag strategies cannot be independent of instruction in the content 
of uhe discipline. 

Conclusion 

The advent of realistic, computer-generated problems has created 
opportunities for students to achieve important learning outcomes in 
science. As models for understanding and teaching problem solving 
develop and as technology makes the computer a power^'ul and «vailable 
instructional tool, science educators need to continue to design 
instruction to provide students with improved learning experiences 
in v.-oblem solving.. One step toward achieving the goal of improved 
instruction and learning in problem solving is to describe the perfor- 
mance of successful problem solvers. 
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High School Scudencs' Profalea-Solving Performance on 
Reallsclc Genecics Probleas 

Abscracc 

Problem solving recognized as a valuable educacional experience in 
science. Thus genecics » essencially a problem solving science included 
in almost all high school biology courses offers a fruitful area for 
studying student problem solving performance. The research reported 
in this paper describes the performance of 30 high school students 
solving 119 problems generated by the computer program GENETICS CON* 
STRUCnON KIT (Jungck and Calley, 1985) . Solving GOC problems requires 
students to plan experiments, generate and interpret data, and reason 
from causes (phenotypic data) to effects (genotypic data) . Research 
data consisted of transcribed audio* tapes of students thinking aloud 
as they solved problems and computer print*outs of Initial data and 
sequence of crosses. Transcripts were analyzed for common actions 
and comments made during the problem solving process in terms of: 
initial data redescription and interpretation, hypotuesis generation, 
cross data redescription and interpretation, solution, and solution 
confirmation. This study was done in an effort to add to the imderstand* 
ing of student problem solving strategies and to develop a model of 
student performance. A model, that when combined with a model of 
expert performance may serve as a basis for io^roving genetics instruc* 
tion. 
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High School Scudencs' Problem-Solving Perforaance on 
Realistic Genetics Problems 

Introduction 

There is wide acceptance that one important goal of [science] 
education is to give students experience in solving problems. 
If this is accepted, then it is necessary to deal with 
problem solving, and not just with solutions. (Moore, 1985) 
This statement underscores the importance of the current emphasis 
on problem solving as a valuable educational goal in science. There 
has been great deal of research done on problem solving with the 
•xpect4v:on that it will lead to improved instruction. Much of this 
research has been on physics content, where it has been shown tb.at 
•xperrs and novices structure their knowledge very differently (LarJdn, 
McDenaotc, Simon, & Simon, 1980; Chi, Feltovich, & Glaser, 1981), 
and that the structuring of that knowledge influences the manner in 
which problems are solved. Reif (1983) has pointed out tiat to Improve 
instruct5.na, re.^^archers need to develop models of desired perfor- 
mance (derived from descriptions of expert performance and theoreti- 
cal analyses of disciplines), of novice performance, of learning, 
and of teaching. 

Problem-solving research has also been done : genetics. Frr 
•xample, Smith and Good (1984) identified 32 problem- solving tenden- 
cies used by successful, but not unsuccessful, solvers. They observed 
that strategies of succe.*sful solvers Included seeking a solution rather 
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than an answer, checking for consiscenc logic, working for^-ard, checking 
for one variable (traic) ac a ciae, and looking for evidence thac would 
invalidate previous assumptions. In related research, Hackling (1984; 
1986) described the performance of experts and novices solving pedigree 
problems. He corscluded *±at while experts did not differ from novices 
in the number of correct answers obtaineu, they were able to justify 
their solutions in terms of underlying genetics concepts at a level 
which novices could not achieve. Experts identified more critical cues 
about genetic mechanisms, generated and tested hypotheses, corisidered 
alternate hypotheses , and recognized the need to modify strategies based 
on problem conditions. These findings are similar to those reported 
by Smith (1986). 

At the University of Wisconsin-Madison we have studied high school 
students solving textbook genetics problems (Stewart, 1983) and the 
mental models of meiosis that underlie their problem-solving perfor- 
mance (Stewart & Dale, 1988). We have also been xisin,^ realistic 
problems generated by the microcomputer program GENETICS CONSTRUC- 
TION KIT (GCK), developed by Jungck and Calley (1985), as a vehicle 
to study problem solving in genetics. For example, Albright (1987) 
has studied the problem-solving performance of xmiversity genetics 
students and Collins (1986; 1987) has stxidied PiiD geneticists as 
they solved GCK problems. By combining the results of this research 
with her own analysis of the structxire of transmission genetics, 
Collins has developed a model of desired performance for transmission 
gen' ^Ics. 



102 



We have focused our research on r-- - 

tesearcn on Gu.x proo i.ens because chev recuse 

than textbook probl», co „ t^ortonc ^cevar.', 

1988). Ho..v.r, .. .j^e. .1th Ki™.ar (1983., 1933b) chac .hi,, 
CO.PUC. ,Wa«on .nvi™^ i, p,,,,,^. „ 

.xpTUnc. to develop their understanding ol genetics, they do not 
in and of the^elves l^rov, probl».solving perfor^nce . Research 
such a, that reported In this paper can add to the understand!.,, o£ 
novtcs and lead to the development of a .odel of student p«for^e 
such a .odel, .hen co^Ined .1th results of related research on e:cpert 
p.rf,rBance, .111 lead to i^roved genetics instruction. 

The Study 

Thirty students, fro. five high schools, took part in this stu^ 
Thes. soadents. In grades 9-12. had completed three to four .eeks of 
genetics Inst^tion in Introductory level biology courses and .ere 
selected by their teachers because they represented a range of ability 
.nd grade levels and because they .ere Judged likely to think aloud 
as chey solved problems. 

The Prr.hT»me 

The problens used in this research .ere produced by a version 
of GCK that kept records of each student's interactions .ith the 

I rograa. Problems were selected m v,- «^ , 

« seiecced Co be consiscenc wich the geneCics 

thac the students had been tauirht rh^ ^ j 

"een caugrit. The 30 students solved a total 



of 119 problems. Decails of the nuaber of problems of each frze 
solved by students is shown in Table 1. 



Table 1 Here 

Using GOC, researchers can create problem classes from which 
instances are generated for students to solve. It is possible to 
construct monohybrid through tetrahybrid problems with combinations 
of the inheritance patterns simple dominance, codominance, multiple 
alleles, and gene interaction, and the modifiers sex linkage, auto- 
somal linkage, lethality, penetrance, and pleiotropy. Each problem 
begins wich a population of field-collected organisms, with the sex 
and phenotype of each individual identified. Once the field collec- 
tion is displayed, students can produce offspring data by selecting 
individxials to be the parents for crosses. Generations of offspring 
can be produced until a student is ready to explain the phenotype 
data in terms of inheritance patterns and modifiers. Therefore, to 
obtain a solution, a student must plan experiments, make crosses, 
and interpret data. Solving these problems requires students to 
reason from effects (phenotype data) to causes (trndsrlying genetics 
mechanisms). Typical textbook problems require reasoning in the 
reverse direction. 



Data Gathering 

During problem^solvlng sessions with individtxal students, two 
types of research data were gathered audio taped thin!*: aloud pro- 
tocols (which »ere subsequently transcribed) and printouts of informa- 
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tion on the initial population and che sequence of crosses perforr.ed. 
In Che first session, each sradent was given instruction on how GCK 
worked, then solved one monohybrid simple dominance practice problem. 
This was done to help then, feel comfortable with thinking aloud, 
with the researcher, ^^d with G«. As part of the practice problem 
students were introduced to the concept of a field collection and it 
was noted that the initial sample of field data displayed on the 
screen was analogous to vials of randomly collected fli., f„m a 
wild population. Throughout the session researchers reminded students 
about the concept of a field collection when it seemed necessary. 

Following the practice problem, each student solved three or four 
more problems during the remainder of the first and during a second 
problem.solving session. Researchers intervened in ti.e solving process 
only to encourage students to think aloud. 

Data Ana],-^^^ 

The data analysis was done in two stages. First, the transcripts 
of twelve students were reviewed and a list was made of their actions 
and comments within the data analysis categories of data redescription. 
hypothesis generation, crosses performed (phenotypes and individuals 
used as parents), solution given, and the method of confirmation 
used. These categories were those established by Collins (1986). 
Second, the remaining 18 transcripts and th. original 12 were reviewed 
noting the occurrence of these common *:tions and comments. Transcripts 
ware then ««tched with the appropriate printouts of a student's sequence 
of crosses. Each transcript was divided into aU comments made between 



one cross and che next one. beginning wich chose made bec.-een che 
presencacion of che inicial populacion and che firsc cross. 

All monohybrid siaple dominance problems were analysed firs- 
Dihybrid and codomWc problems were chen analyzed in che same way 
CO allow for comparisons wicl^in and across problem types. The analysis 
imposed a consiscenc frmework on che so lucion. seeking process so chac 
a general descripcion of scudenc problem-solving performance could be 
made. Pares of a sample cranscripc, analysis, and corresponding 
problem daca are included in Figure 1. This analysis procedure made 
it possible CO describe scudencs' problem-solving perfomance in 
censs of: 

1. inicial daca incerprecacion. 

2. faccors la che inicial daca chac influenced the firsc cross, 

3. when, and on whac basis, hypochesss were generaced, 

4. che consiscency of hypochesis usage as a basis for 
generacing, explaining and prediccing data. 

5. planning processes. 

6. the mean., (qualitative or quantitative) that students used 
to interpret data. 

7. the warranted, unwarranted, and massed warranted inferences, 
and 

8. the nature of the Justifications and solution confirmation 
procedures . 



Figure 1 Here 
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r«.U. , 
»..o.., ,0 ^^^^^^^ ^^^^ ^^^^^^^ 

«.po„„ ^^^^^ ^^^^^^ 

Pr.1.1«.. IKU ^ ^^^^ 

^iv. U c.. ^ „ ^ ^^^^ 

i«t.rpr.c.Uo„, ^^^^^^ ^^^^^ ^ 

S.n.r.tl,n; ,omclo„, ^, o,afti».ti,„. 

Stud.„ r.^.crtptl,„ ,t ^„ ^^^^ ^ ^ 

th. l.„t or ^ ^^^^ ^^^^^ 

c«™n„<. ,„ ^ ^^^^^ ^ ^^^^^^^^ 

to ..x-Un-cg.. Th.y .1.0 ^ ^^^^^^^ 

-1... for u indlcdv. of 

Ch. r.«o, ..r. d,.., ,^„« ^„i, ^^^^^^^ 

ch. tnicul popuucton. Ho.«.r. ^ ^^^^ 

4K. .oe ^„ ^ ^^^^^ ^ ^^^^^^^ 

-ins ^u^«„ „0..-crlp«on to Hypo*.,„ 
lnh«rl:«c« p«tc«m«. 
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Tvo unwarranted inferences on which centacive h.^ocheses were 
bas^d were «ad. during initial daca incerprecacion. Firsc. scudencs 
assumed thac the aosc frequent phenorype was dcainanc (-There are core 
yllow ones altogether so yeUow Is donLnant"). Second, students irter- 
pr.ted slightly unequal numbers of «les and females in a population 
as «t indication of sex-linkage. or conversely the existence of both 
«al. and fe«al. phenotypes as indicating no sex-linkage. For exan»le. 
a student might say -There are fewer orange ».les Uan yellow nuil.s. 
so orange might be sex-linked-; or -Well. ch.r. are males and finales 
of both variations, so this problem doesn't have sex-linkage in it.- 
Scudencs generated hypotheses from the initial data on a pheno- 
typic level and^expres.ed them in terms of a trait [sic] being dominant 
or recssiv.. Even though the concept of a field collection had been 
carefully explained in all introductory sessions and throughout both 
problem-so^ving sessions, some students had difficulty understanding 
that the initial -lata was only a random sample of a larger population. 
Consequantly students often tried to solve problems from the initial 
daca rather il.an using the data a, a starring point for solving the 
probltm* 

Initial rj^jf^^^ ^y^^ ^rriTT iir ' , 

When a student seated a hypothesis based on the initial daca. 
th. first cross was not necessarily planned from the stated hypod:esis. 
Further, students did not .yst««tically perform back crosses, test 
creases, or reciprocal crosses to test hypotheses. Rather, they 
normally us.d individuals feom th. Initial popuUtion f.. tneir crosses. 
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/*s a resulc. chay did noc n^raally creace foaily lines, which would 
have been che case if offspring generaced froa previous crosses had 
been used as parents. 

There were three coaaon approaches to making crosses: 

1. The initial cross was done to -see what happens- or -jusc 
to do something". Subse<iuent crosses appeared to be done 
to make crosses of all possible combinations of parental 
pheno^pes . 

2. The initial cross was between parents of the same phenotype, 
in order to find two heterozygous individuals to cause 
the hidden variation to "show up». In this approach, the 
initial hypothesis, although often based on the unwarranted 
inference that the most frequent phenotype was necessarily 
dominant, ^ influence the first cross. A student would 
comment "There were more reds and I think red is dominant. 
I'll cross two reds and If aty yellows show up I'll know 
I'm right-. Students oi!-«i made sm^ral crosses with parents 
of the same phenotjper t. discover heterozygous individuals. 
If heterozygous individuals were discovered, students would 
cross two individuals with the phenotype believed to be 
recessive, rhis approach was useful and provided informa- 
tion that the students could interpret. When students had 
repeatecuy crossed individuals with the same phenotype and 
failed to discover the hidden variation, two basic strategies 
were used: 1) crossing of Individuals with unlike phenotypes 
In an - -.tempt to prove dominance, expecting che offspring 
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produced to be of one phenocype or 2) crossing parents of 
the saae phenocype (the one not xised in their original 
cross) several times hoping that the hidden variations 
would be revealed. 

A third initial cross involved using parents with xinlike 
phenocypes* Students expected the offspring produced from 
this cross would be of one phenotype, thus indicating the 
dominant variation* They would comment *If I cross a red 
and a yellow and get all red offspring, I'll know red is 
dominant*. If these resxilts were obtained, their second 
cross would be between litje phenocypes tiiat had been "hidden** 
or were recessive. A student t^ould comment "Now I know 
red is dominant, so if I cross two yellows I should get all 
yellows". Qhen these resixlts were obtained, sttidents would 
repeat a cross of txnlike phenotypes with different individ- 
\ials to further sxibstantiate that a trait vas dominant, 
yhen the restilts of the second unlike cross duplicated the 
results of the first unlike cross students were confident 
of their conclxisions. Bowever, when a second cross with 
individuals of tinlike phenotypes produced conflicting results 
(that is, the offspring were of two phenotypes), students 
became confused: "Bow can parents diat are the sane produce 
different offspring?" 
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D.C. «d..c.lpcton follovrtng .ro...s .<,n.i,c.d o£ ,cud.„« 
r.adl„g ^ ^ ^^^^^ ^^^^ 

th. l.„c .„d £r.,p«„t ph«K,C3T... «.d counting totu r^.r. c£ 
«ch pWtj,. produced. It .„ ™c unco^on for ,cud.n« to porfon. 
t«. or thr.. cro,... t.£,r. r.d„crlbl„g ch. data. S.d..cnptl,»» ttat 
oc=urr.d rft.r „v.r.l cro.,., „.r. don. to .u^rlz. dat. Into .o« 
P«t.r„ on . ph.notypIc and to g.„.r„. hypoth...,. ThI, typ. 

of r«J.,crIptIon ^ hypothwl, g.„.r.tIon o£t.n Includ.d ,„ch .tat.- 
«nt, „ .in crc .1 th. p.r.nt, v.r. hookod .nd lyr. „d H th. 
.£ir,prlng „.r. lyr.. that thing happ.„.d In cro,, .3. I think 
hooW I, r.c«.lv... s„„„rlzlng cro,, data r.d.,cnptIon alao wa, 
ion. «h.„ . cro,, producod data that to confUct .1th a pr. ^ 

cro,.. Por .,«.pl.: „o„ »1 I cro«.d a hooUad and a lyra and 

rtl th. 0££.prlng ..r. hook.d. In cro,, ,3 th. thing happ.n.d. 
I thought hootod wa, do^n«,t to lyra. *,t now In cro., « I cro«.d 
th. .«» kind. Of paront. and got offaprlng of both.- In sa^ c„. 
,tud.nt, cho.. to Ignor. data that conflIct.d with what thay could 
.xplain or lnt.rpr.t ,ayl„g. -i^r laat cro« »a,t ha« b«n a mutation 
or .Utaka. b.c««. th. parant, w«r. th. cro«. data r«..«=rtp. 

tlon al,o Involvad counting th. nu*.r of Individual, hy phonotyp. 

l.t.rpr.tlng th. „u^.r, m t.r», of kno«, or «p.ct.d rati.,. 
A. ~. th. caa. rtth initial data radaacrtptlon, o^nt. ljnor.d 
»^.r. that did not «actly fit «p.ct.d ratio,. 



Scudencs «i«ed inferences or made unwarranted inferences during 
cross data Incerpreccion. .ich che „sc co«on class of aissed inferen- 
ces being failure to recognize .bat cross results provided new and 
valuable information. Missed inferences: 

1. in siapU finance problems, not inferring dominance when 
a crocs between parents of unlike phenotypes produced offspr- 
ing of one phenotype. 

2. in simple dominax^ca px bleas. not inferring dominance when 
a cross between parents of lilce phenocypes produced offspring 
of two variations. 

3. in codominance problems, not inferring the codominant pheno- 
type (heterozygote) when a cross between parents different 
pheno types produced offspring of three variations. 

Examples of unwarranted inferences (those not Justifiable given 
the data) ".onm^on to all problem types in addition to those noted in 
initial data interpretation included: 

1. crossing individuals . with like pk.notypes. producing offspr- 
ing of all one phenotype. and inferring dominance when the 
variation could Just as well have been recessive. 

2. crossing individuals of the most frequent phenotype and 
inferring that the variation produced in greatest numbers 
was the dominimt variation. 

After crosses, students used their hypotheses to explain data. 
A3 ^ result of missed «:d unwarranted Ir.ferences made during data inter- 
pretation. students often changed thai, hypotheses from cross to cross, 
acting as if each cross was a separate problem. As with initial l^oth^ 
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Of produce. ,.o„ ero., ^^por,.„, ^„ ^^^^ 

> .~d.„. ^^^.^^^ ^^^^ ^^^^ ^^^^^^^-^^^ 

.«.prins .re re. re. u .o.l„.„.. xhe„, „e«= oro„ 

yellow, ^„,, ^^^^^ ^ 

Student .1. oloarly dis«„,.l.. ^^^^ ^^^^^ 

con.1. .,.1,^ ^ 
tion. .^<:.„„ oo„,i^re. or «3co„„„a „ 

pattern, not a modifier ^^..^ ^ 

ooaifier. by comparing fthe nuinber of males with females 

produced in a cross. Sax.7-fT,v,— ' 

oex-linkage was noc considered when numbers of 

«aes and females were equally produced in cross daca. 

SCU..„«. .oluuon,, Ulc. .heir hypotheses, 
ln..rpr.r«W „lrh Urrl. or „o „,i_,,„. 

.1.. tnoluc. i„» of .ueiie .y^ols erd . failure to 

suish heceen iuheri«„. p..„^. ^^^^ 

<So= th. correct .„,„er. for, «onohybrid 

.olurion, ro dihyhrio codo^„a„ce problem p.ove<. .ore ^fficulc 

SCu^nra .eci.^. . p,oM.„ .^^^ ^^^^ ^ ^^^^^ 

corr.cn, wh.. th., coul. i..„ti^ ^„i_, ^ 

.u.ri«c.tio, for .olution., ,^ h„.. on th. un.™. 

pr^viou,!, a.,cri.... i,cl^, ^ 

producing offspring of ,.ri.tio„ ooncX^ th.r ^«on ^ 



recessive; crossing parents of r-ro variiicions, producing offspring of 
one variation, and concluding the variation of offspring produced was 
dominant; crossing parents of two variations and concluding the varia- 
tion produced in the offspring in greatest numbers was dominant; and 
crossing parents of two variations and concluding a variation was 
dominant because numbers of offspring produced fit a 3:1 ratio. 
Solutions for dihybrid problems with simple dominance inheritance 
were solved using the same justifications given for monohybrid problems. 
Students solved dihybrid problems one trait at a time. 

When they were unable to explain data in codominance problems, 
students invented new inheritance patterns with new genotype- to -pheno- 
type relationships, s'lch as co-recessive and double dominance, to 
support the patterns. In the co-recessive explanation, three letter 
symbols were used for the three variations, as if each phenotype 
were the expression of separate alleles. For example, a student's 
explanation of a cross between two individuals with the same phenotype 
that resulted in offspring of three phenotypes was that two variations 
were recessive to the third. Double dominance was explained using 
three letters as if two variations were dominant to the diird. Thus, 
when two dominant phenotypes were crossed, the third variation would 
be produced as the "hidden rece- - ive" trait, an explanation that had 
been useftil in simple dominance problems . 

Solution Conftrtnaf 
Students did not actively confirm solutions by generating addi- 
tional data or by using any statistical tests, such as a Chi Square. 
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C«.pl«.™„ oe , ,oluCi.„. „ ^^^.^ ^ ^^^^^ 

- r.p.„ ch. l„e cro« p..-,,,.,, „,„^ ^. ^ 
P«.„«. o«„to„.ll,. ,^^„,, ^ ^^^^^ ^^^^^ ^ 

•cratch p,p„ „ . 

on. cr.„. .„^„„ ^^^^^^^ 

b.c. „e«i„., ^ ^^^^^^^ ^^^^ ^^^^^^ 

c^cmng Which v„laci.„, v.r. .o^„.„, „ ^ ^„ 



their soluclons. 



Discussion 

m o„r r.,„l„. Th.,a cr.„a, „ ^^^^ 

t.rlz.d by . Uelc .£ ,p.clflc h„.th..l, ^ 

vorMns backward - .>cpUl„l„, er.„ daca rath.r than p„.,ccl„, u- 
•nd <3) ..^h.,!, . ^^^^^^^ ^^^^ 

dividual, and Individual cro.s«. 

In addition t. th.,. g.n.ral probl...,olvlng cranda. ther, .as 
.vldanc. thac ™« ,o^n« lackad thr.. l^crcanc ganatlcs-spcclflc 
way. o£ chln-cins about pr.bl„ .olvlns: ganotyplc thl„te«; 
tlonal thln^lns, and ability to dlatln^ah b,t...n an lnh.tlt.nc. 
parcm .nd a „dl£l.t. Each of th... tt.nd. wa. .ubatantlatad hy 
action. „d r.,pon,c. thrcughout th. pr.bU,.,„lvlns ptoc.... 

Indication, of . lack o£ s.„otyplc thinking lnclud.d: 
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1. being unable to explain why tvo crosses of parenr.s o£ the 
saae phenotype could produce offspring with different nuriers 
of variations. In other wordr . students did not ur^rstand 
that a single phenotype could map to wo genotypes. 
2. changing hypotheses from cross to cross. Notably, when a 
cross beween individuals of like phenocypes (homozygous 
dominants) was followed by a cross between like phenotypes 
(homozygous recessives) . students could not decide which 
variation was dotainant. 
3. inventing phenotype-to-genotype relationships with symboUc 

representations in explanations of codominance. 
Evidence that students did not think generationally included: 
1. employing a cross strategy using parents, primarily from 
the initial population, to search for a heterczygote to 
produce a "hidden trait" rather than creating a hetero- 
sygore or lines of familial data so that the exact heritage 
(genotype) of parents could be established. 
1, considering each cross as a separate problem, as thou^ the 
dominance and recessive variations could change from cross 
to cross within a problem. 
Evidences of students' lack of distinguishing bec-^en Inheritance 

patterns and modifiers included: 

1. failing to qualitatively redescribe data in terms of the 
numbers of traits and variations. 

2. attending to information in data that was potentially mislead- 
ing, such as unequal number of males and females of a pheno- 
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cypat or aqual represeacacions o£ males and feaales in a 
phanoc/pa as indicating sax* linkage. 

Educational Implications 
Tha usa of computar simulations to promota tha acquisition of 
problaa* solving, skills in ganatlcji and other sciences is likely to 
increase in the coning years. However, it is our belief that simply 
providing an environment in which students are presentied realistic 
genetics problems is not sxifficient to elicit good problem- solving 
skills. Research is needed to develop ' models of problem-solving 
performance that can be used to develop instraction. Such Instruction 
will help acuclents develop explicit connections between conceptual 
knowledge and problem solving (Including both content- independent 
and discipline-specific problem-solving strategies). From xh% research 
reported here , we recommend that instruction in genetics be designed 
so that: 

1. Genetics concepts and principles are presented in such a 
way that explicit relationships between concepts (i.e. chr- 
omosomes, genes, alleles, traits, and variations) <tre obvious. 

2. An Important feature of teaching about inheritance patterns 
is the xise of the number of variations per trait as a clue 
to possible Inheritance patterns. 

3. Qualitative redescription Is taught in texms of clues or 
patterns that lead directly to a tentative hypothesis about 
an inheritance patt^^m and solution to a problem. 
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4. Hypochesis generating and testing Is taught as the strategy 
used to solve a problem, since an hypothesis provides direc- 
tion as to what crosses to do and how to interpret the 
resxilts of crosses. 

5. Students are taught to make hypotheses ttid to select crosses 
from previous generations, not from initial field data aloi^e, 
in order to create familial lines of data about which geno- 
types may be established. 

6. Students are tAught to understand the relationship between 
genocype and phenotgrpe as a basis for understanding in- 
heritance patterns. 

?. Students are taught the importance of expressing a solution 
in terms of an inheriuance pattern, and of checking or 
verifying the solution for accuracy -nd completeness. 

These suggestions for instruction in genetics reinforce problem- 
solving strategies th4it can not only be used in genetics, but ir* otbix* 
disciplines as well. They include predicting data, redescribing a 
problem qualitatively, generating and testing hypotheses, considering 
Alternative hypotheses, and checking results. In order for problem 
solving to be a valuable educational experience, it is necessary to 
teach not only conceptual knowledge, but the relationship of conceptual 
knowledge to problem solving. It is likely that students will improve 
their problem- solving skills and tiieir conceptual knowledge of genetics, 
as wall as gain a better \mderstanding of the nature oi science if, 
daring instruction, the relationships of problem solving to genetics 
concepts and problom solving as decision-making are stressed. 
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Table 1 



Kuabec o£ Probleos Solved by Problem Type 



School # seudencs Grade MSD MCO DSO DCO 



1. U 10-12 25 18 17 0 

2. 3 9 3 2 2 3 

3. 6 9 6 5 5 2 

4. 6 11-12 12 5 3 4 

5. 3 9 2 0 0 5 



Tocal 30 48 30 27 14 

KEY 

MSD: Honohybrld with Simple Dominance 
HCD: Uonohybrid with Codominance 
DSD: Dihybrld with Simple Dooixunce only 
• DCO: Dihybrld with Codominance and Simple Dominance 
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Sample Transcripc and Cross Daca 



OK, we're dealing with three 
traiC3. (Rede^cription. Bold- 
Researchers analysis connent] 

So let's see.^.I'll take a female 
dumpy Individual from Vial 1 and 
a male dumpy individual from 
Vial I. [Cross #1] 

OK. Ve got offspring of all 
three kinds ♦ [Cross data redes - 
cription] 

So now, I'll take some more off- 
spring, or, parents from vial 1 
this time, I can't remember what 
the I stood for* Oh well, we'll 
take some of them anyway. So 
I'll take some of the I's female 
and a male* [Cress #2] 



Field Collection Vial 
20 Z Dumpy 13 H Dumpy 
6 Z Inverted 8 K Inverted 
a Z Expanded 9 H Expanded 

Cross #1 
Vial #1 Dumpy £ Individual #1 
X 

Vial #1 Dumpy JJ Individual #1 

Contents of Vial #2 

7 Z Expanded 5 Expanded 
13 i Dximpy 16 H Dumpy 

8 Z Inverted 4 Inverted 

Cross #2 

Vial #1 Inverted £ Individiial #1 
X 

Vial Inverted ^ Individual #1 



V<>4 



OK. when we cross che cvo 
inverted, we goc all inverted 
offspring. (Cross daca 
redMcripcion] 



Concents of ViaL »3 
27 Z Inverted 
26 U Inverted 



OK, for this problem I'm try. 
■ Ing CO figure out what's do- 
niasnt and what's recessive. 
Let's see we got sll inverted. 
So laow I'll cross soae of the 
E'« to find out what they are, 
from Vial 1 again. (Cross #3] 



Cross #3 

Vial #1 Expanded I Individual #1 
X 

Vial #1 Exp&uded U Individual #1 



OK, When ve crossed E's we got 
*11 E's for Offspring (Cross 
^ta redeacrlptioni 



* Concents of Vial #4 
34 Z Expanded 34 H Expanded 



So let's see, I'm gonna try 
*««py parents from Vial 2 
this time. To see if the re- 
sults are any different from the 
parents in Vial one. (cross 
four: repeat phenotypes] 




Cross #4 
Vial #2 Dumpy £ Individual #1 



\ 



Vial #2 Dumpy ii Individual #1 




Contents of Vial #5 
•• .^^ £ Inverted lo n Inverted 
12 £ Expanded 4 il Expanded 
8 Z Dumpy . 13 jj j^a^y 

• '1 r • ' - \4 " • , ' ^ ' ^, J ^ 
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High School Scudar.cs' Underscanding o: 
Chromosoae/C4ne 8«havior During Meiosis 

During ch« p«,t dtcad.. tvo ws.arch •aphas.s hav .a,rg«d in 
«ci.nca .ducadon work on ale.mat. concpclons (for .xa«pl.. 
Drlvr & Eaalay. 1978; and Erlckson. 1979; Hackling & Treagusc. 1982. 
1984; Kargbo. Hobbs & Erickaon. 1980); and work on problaa solving 
(for axaapl.. Chi. F.lcovich & Glaa.r. 1981. Larkin. 198?; R.if. 
1983; Smith & Good. 1984; and Scwarc. 1986), Ito« th. work on alcr- 
nat. concaptiona it has bacom. obvious that atudanta oftan construct 
alt. mat. intarpratationa of tha contant from thos. that taachars 
•5cpact. From th. work on problam solving has , coma th. realization 
that axparts and novicas h«7. atructurad thair kaowladga vary diffarant- 
ly, and that tha atructuring of knowladg. influanc.s th. manner in 
which each solves problems. Reif (1983). has drawn instructional 
ln5.1ic«tions from this research, especially in the area of phvsics. 
by daveloping models of expert and novice problem-solvfag p.rfor=««:., 
«nd teaching. Concurrently, onr research group has studied related 
Issuaa within transmission genetics with the goal being to Improve 
gonetics instruction at both the high achool and college levels. 
The approach that wa h.we taken has been to develop models of: 

1. desired performance, by studying tha problem-solving perfor- 
Mnce of geneticists and by analyzing the atructure of 
transmission genetics (Collins, 1987; Collins & Stewart. 
1987; Collins, Stewart & Slack. 1987); 
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2. novice p«rfocaance, by scudying college and high school 
acucUncs (Albrighc, X987: Slack & Se«vac;. 1987; Scewarr & 
Dale, 1981; Swwars, 1983); and 

?. inscruccion in ganacica (Scraibal, SCk-iarr, Koadinger, 
Collins & Jungck, 1987) . 

In this paptr wt rtport on a study of high school students' 
understanding of ths physical relationship of chroaosooies and genes, 
as expres.ned in their conceptual models, and in their ability to 
manipulate the models to explain solutions to dihybrid cross prob* 
lems. ye are partiexilarly interested in how novices have structured 
their conceptual knowledge of genetics and oelosis and hov it influences 
their pioblen-solving performance. First, the vzdnls of chromo* 

some/gene organization and behavior that students used to explain 
their solutions to <lihybrid cross problems will be discussed* This 
will be followed by a detailed i^nalysis of explanations given by 
three students: one who used a nearly correct model to explain the 
resTxlts of a correct problem solution; one who used an incorrect 
model to explain the results of a correct problem solution; and one 
who used an incorrect model to explain the restilts of an incorrect 
solution. We shall argue that the manner in which these students 
manipulated their models does not differ in any significant way, and 
that both erroneous and correct models function co explain problem 
solutions. This leads to the conclusion that, in addition to the 
tendency to give too much credit to students who obtain the expected 
answers to problems (Stewarr & Dale, i981), there may be a tendency 



CO und.r.5Ci=uca che teowledse and abiUcies of scudenw who do noc 
. obcaln tight «nsv*rs. 

Th. rwulcs of this r.s.*rch at. curr.ncly b.ing used to davlop 
r«vi,,4 InKTttccion on ni«io,i» «td g.n.tic, for high school students 
Including « tnflligent tutoring systea for transmission ganetics. 
IffiNDEL (S»:r«ib«l et *1. , 1987) . 

Meenoda 

Fifty high school students «^ook part in this study. Half vera 
£roB « cit7 school with an enrollment of 1400 students in grades 9- 
12 and half from a rural/saall city school with a .9-12 enrollaent of 
700. All ,«re either freshen or sophonnres enroUed in sn introductory 
biology coarse. There were 21 females and 29 males. The students 
from the .taller school made up one section of one teacher's biology 
course, while those from the larger school were a s«aple selected 
from th. 100 students in four sections of a single teacher's biology 
course . 

The students in each school receiv^i at least on. month of instruc- 
tion In meiosis, basic transmission g.a.tics (simpl. dominanc. and 
codominanc.). advanc.d transmission g.n.tics (multiple all.l.s and 
linkag.). and mol.cular g.netics. After conr/i..cing tha instruction 
on a.iosis and basic transn:issicn g.n.tic,. ..ch of th. 50 stud.nts 
took parr in « SO-minut. problM-solving^/int.rvi.w session. In it 
th.y r.ach war. askad- to solv. a monohybrid and a dihybrid probLa 
(iRvolving «ii«pl. dominanc.) whil. thinking aloud. An «uapl. of a 
probl«B dut was pras.nt.d to 8tud.nts is: 



In bt«cl«s, wings wish spocs ara dorainanc Co wings withouc 
spocs, and long Anc«nna« ar« dominanc co shot: ancannae. 
Dhac ara tha posslbla offspring ganocypas and phanocvpas 
of a eross batvaan ona baada thac Is hacarosygous for 
vlng apocs and hacarorygous for long ancannaa and a sacond 
baada thac has unspoccad vlngs and Is hacarozygous for 
^ ancannaa langch? 
Following tha :oluclon co e dihybrid problam» aoidancs wara 
aakad a sac of quascions co aliei^ thair aodals of ehromosomas and 
ganaa -and to daseriba thair movamanc during maiosis. Tha intarvlawar 
aakad an opan*andad q\iascion such as "Do ehromosomas hava anything 
to do with ydur problam aolucion?" Each atudant who produead corracc 
ganotypas vaa also aakad why ha/sha had noc shown g^acas around 
thair Punnact aquara wich two allalas of tha aama gtna rathar than 
ona allala f^om aach of &a two ganas. Alchou^ dia subsaquanc quastion 
aaquanca was tailorad to individual studants, our ptirposa was co 
ganaraca dacails abouc how studancs thoughc chromosomes and genas 
could ba uaad co accounc fox* chair aolucions« Only ttchnical language 
which a student first introduced was used in an interview. For exsznole, 
the researcher did not call a structure a gene r^til after a student 
had first used the term* Once studencs acknowledged th£t chrotc^soces 
were involved in their aolut Ion to the dihybrid problem (and not all 
did) they were asked to indicate how many chromosomes were involved 
and to draw pictures of Viow the symbols thac they had used in solving 
the problems could be shown In a diagram diac also indxuiad chrooosooas* 



solution.. This question usually l.d to cheir deaonstrating how 
Chelr models could .ccount for the arrangement of s>^bols around 
their Punnett squares. In other vords. they were asked t,, describe 
how they thought their models were related to meiosis. although the 
tea malosls was not uaed If the student didn't Introduce It. In 
the course of this questioning, some students constructed, or were 
«.k.d- to consider, other models. Eaih of the Interviews was recorded 
«d transcribed. Everything that students wrote or drew during the 
latarvlew,. as well as the Interview transcripts, constituted the 
data thJic vara analyzad. 

Of the 50 students Interviewed. 41 obtained correct answers to 
both monohybrld and dlhybrld px-obl«as. V>.lrty.flve of those 41 vere 
*ble to construe- and discuss ciuroBosone/gene models. Six students 
vera able to solve monohybrld, but not dlhybrld. probl.,«. This 
group was evenly split In terms of whether or not they were able ho 
construct and discuss chromosome/gene models. Finally, three students 
vere unable to obtain rect solutions to either the monohybrld or 
the dlhybrld problem. Of these thr.e. only one was able to construct 
«d discuss a chromosome/gene model. Those students who were unable 
to construct and discuss a chromosome/gene model either thou^t chroa. 
osoma. had nothing to do with the problem solution or they thought 
that chromosomas a.M gen., were Involved and were unable to elaborate 
on tht ixnrolvamanc. 



Th. .odtis Which scud*n« conscr^c=«d ««« eirhT one- c-o 
.nd four-chroBosoa. Bod.l,. wich ld.nciflabU variant wichin .ach 
cacsory. Th. cocal nuab.r of .odai, p.r .cudanc la aUghcly „ore 
than ch. n«»b.r of .rodanca vho had modal.. Thia wa, b.causa son. 
.cudanca produc.d evo modala and vara uxubl. Co chooa. b.«..„ tha. 
or bacaua. thay abandonad on. .od.1 and conacructad anoch.r 1„ ch. 
coura. of ch.ir dlacuaalona. Such aodala vara Includad in boch caca- 

It ««, claar from ch. acudanC cranacrlpt, chac chay «,.d blca 
•nd pt.c.a of genaclca fcaowl.dg. („oc n.c.aa.rlly corr.cc or v.U 
org«ilz.d) CO conscrucc ch.ir »od.la. Th. «,ac teporcanc poinc wa, 
th*C «oac ^cudanca toaw chac any nwdal would bav. co accounc for ch. 
««n.C.. around chair Punn.cc aquar.a. Th.y also ralizad chac ganaa 
«d chrontoaomaa ar. r.lac.d. and moac r.cosnlz.d Chac g.n.a ar. on 
chromoaoma, (alchough .cm. had chro«o.o«.a on g.na, or .v.n Craica 
on chro«oao».a). In addition, many acudanca had Incidancal WUdge 
•bouc chromoaom. doubling. apUccing and croaalng ov.r chi.c w., u^-^ 
CO «.c from ch. lnlcl.1 chromoaom. acac. co ch. chromosom. stac. In 
th. ,«a.ca. scud.nca would ofcn dnlcr wich ch.ir mod.la in ord.r 
CO bring ch.m Inco agr..m.nc wich ch. inicial and gaa.c. acaca. 

Of Ch. 39 acudanca who d.v.lop.d modala. nin. produc.d and ua.d 
. on..chromoaom. mod.1. Th. chr.. cyp., of on..chromc,om. mod.1, 
«. .hown in Figur. 1. Th. lnc.r.,clng chlng abouc chaa. mod.la la 
th^Z Ch.y vorlc. .c l.aac In Carma of producing gamac- cyp.a chac 
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««h th. ,n.. „,»d «... ^^^^^^ 
.« .t eb. ehr.. t:-p.. .how «,y cht«o.,.« 4«*u„s. t,p« .i 

P«*««, tt... e.^, ^^^^ 

Hotlc. «,„. „. ^ .^^.^^^ ^^^^^^^^ 

l«^.nd«c .f th. n^.. Of division., th. ,™t.. „ a- corr«t 

Stad.nt. «h, „4.u « «rf ,2 ^.^^ =hro«..„. 

<"vl.l,n(.) «th „ ...,1 „..ihi. ^. ^^^^^ 

fptcwh. stud.nt. u.tn, « h.,„ .ith th. Cl.l.. 

«nr»| .d „ th. .hro«,.«. in .uda . «y «ut Ul poMlhU c«bi:.tlo„ 

m th.t a,. ,.:„t.. „. rit«dy fota.d o« th. chr«>o.o«. .„d .iMply 
«Jlle off to (o uoond th. tmm.er .quK.. 



FI|ur. 1 «ou a.!. 



Ev.n though th. .c«d.„« -^ho u..d d..,. on..chro.o.o«. „od.l. 
v.r. .bl. CO account for thalr «:r«g.«.nt of p^c. . 
.<!««.. It 1, obvlou. thrt th.,. aod.ls «. «or. «.4.»ur.lc*l (..g.. 
involv. «x -.11 pcibl. coBbln»tlon,- ^ro^,^ ^un ^.y «. ger^tlc. 
No .tud.nt who u..d . oa..chroao. „od.l d.«ons:r««l „«ch VnovUd, 
o£ thtt Mchmnlsm of Miosis • 
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Of tht 39 scudencs who produced aodels^ 19 produced six variacior,s 
of A tt»o-chrooosoae model. Four of chose models are shown in Figures 
2 and 3. As was the case wlch the oae-chromosome models, eacn 
these axplalns the students' gamete arr-iigements around their Pumett 
s^res. Again, the students who produced these models had bits and 
places of koowledge about chromosomes, genes, gametes, and meiosis, 
and thay also began with an end state, the orgenizacion of the gtset^ 
around their Funnett squares , and worked with tiieir initial arrangement 
of chromosomes and genes so that tHey cotild account for the gamete 
types. Vhile these two • chromosome models tend to hsTe more indications 
of mechanism (e.g., chromosome doubling, division and crossing over) 
than do the one-chromosome models, most of them are still driven by 
an *all possible combinations" approach . (see Figure 3 #3 and #4) 
rather than one fully derived from e.e concepts of genetics. Model 
#2, although nor an "all possible combinations" nodal, is like an 
approach taken in the one -chromosome models — all possible combirjitions 
3f gamate types are ensxired from the beginnin:3, since one allele for 
each trait is located on the same chrome ^^ome and because there are 
different possible initial arrangements of those alleles . It also 
can be seen from examples #2, and #3 that there is a tendency to confusa 
chromatid and chromosome. Even though the students did not mention 
chromaclda, the presence la. t^xeir diagrams of what aopear to be centro- 
meres points to this confusion. 
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Fiyaras 2 & 3 Here 



One common feacure of »11 r-^o-chromosome models, which matches 
an evenc of neiosis. is thac ac some poinc the chromosomes split. 
The students seemed to be su^re of this and often indicated that they 
could remember seeing such pictures in their texts or could reaerber 
their teachers making such drawings. Interestingly, some weren't 
thinking about splitting a doubled chromosome (or Joined chromatids) 
into single (or daughter) chromosomes. For example, in model #2 
there is « longitudinal split within a single chromosome that is 
more ilke the "unzipping- of DMA during replication than it is of 
chromosomal division (in fact one student who produced this model 
zeretred to the DNA splitting) . Possibly these students were trying 
to reca:'.l particular things that they had read or heard. This was 
especially clear when they placed two allele symbols (either from 
the s/ime or opposite gene pairs) on the same chromosome - they could 
reoinber seeing pictures of single chromosomes containing more than 
one gene each. It was also logical to them that this should be the 
case since they knew that an organism has more traits than it does 
chromosomes. This searching for a -picture" was also true of one of 
the two students who invoked crossing over in his models - he remem- 
bered seeing a picture of crossing over. (It is interesting that 
the other student apparently invented crossing over on his own, as 
ic had not been studied in class before the interview.) Those models 
in which crossing over was used (#1 for example) involve a stronger 
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use of mechanisa than the ocher models, alrhough even chos*- do noc 
deal wish the Importance of the arrangeraenc of the chromosomes as 
they move from a doubled state through the vjo divisions of meiosis. 

Four-Chromosome Models 

Of the 39 students who produced models, 14 produced four -chromosome 
models . It should be pointed out thut some of these students struggled 
with one- or two-chromosome models first. Of the 14 students who 
chose foxir- chromosome models, three obtained correct gamece types 
and three had essentially correct models. The major types of four- 
chrouosome models are shown in Figures 4 & 5. 



Figures 4 & 5 He re 



A common feature of many of the students' four -chromosome models 
is that, like the one- and two -chromosome modsls, there is a tendency 
toward being mathematical rather than genetic. Tcie students knew 
how to determine gamete types to use around their Punnett sqxiares 
which they then xued as a check on their chromosome/gene models. 
Thus they worked backwards from a known (gamete types) to a model. 
This led many of them to produce models that d-acstrated little or 
no recognition of homologous chromosomes and little recognition that 
there is a mechanism that is responsible for the alignment of homologs 
In such a way that the correct gamete types are produced. For exanple, 
model #1 in Figure 4 is an example of the "all possible combination" 
Approach* Although very confused about the spatial relationship of 



chromosomes, genes, and craics, chis scudenc nonecheless had cvo 
divisions chac led Co four craics (really alleles) chac are separated . 
The student then Cook ^11 possible ccisfainacions co produce che gameces. 
There Is llccle sense of mechanism, only chac chere is a need Co 
obcain all possible gamece combinacions. 

Although most of the 39 students who produced chromosome/gene 
iLodels to account for their problem solutions were able to obtain 
correct answers to dihybrid problems, few were siibsequently able to 
jxistify these correct answers by drawing upon a correct mode? of 
chromosome/gene behavior dxiring met^jis* 

Detailed Analvrfs of Three Students 
In this section, the chromosome models xxsed by three students 
will be examined in detail, with particular attention paid to the 
marker in which each student manipulattd a model to explain or Justify 
the procedural solution to a dihybrid problem* The students chosen 
are representative of the fifty students who tcck part in this study: 
SinasaiLA: incorrectly solved a simple dihybrid problem, 
and constructed an incorrect model to explain 
the incorrect procedural steps 
STuD^NT B : Correctly solved a simple dihybrid problem and 
constructed an incorrect model to explain the 
correct procedural steps 
STUDENT C : Correctly solved a simple dihybria problem and 
constructed a nearly correct chromosome model to 
explain the correct solution. 



Each of thesa scudencs' chrocosoce models and manipulacic is 
will be discussed separately, but for ccinoarison purposes each sruder.c's 
soluclon seeps and chromosome models are shown in Figure 6) . To 
simplify the diagra^^^, eacn model shows only one of the parental 
genotypes. 



Figure 6 Here 



Student A 

This student failed to solve the dihybrid problem correctly. 
As shown in Figure 6, he constructed a two -chromosome model (for a 
single parental genotype) with the alleles for a single trait on the 
same chromosome. Before questioning this student about his model, 
the interviewer (denoted by I in the following transcript excerpts) 
asked him (denoted by SA for Student A) if his Purine tt sqxiare could 
be set up with gametes having two alleles of the same gene rather 
than one allele from each of two genes. 

SA: Then it would' ve messed this up, cause I wouldn't gee 

both of the traits in ther^i... , 

\ 

I: Is there anything that goes on that ensures that you're 
always going to got the kind of combinations that you 
show [his Punnett square, see Figure 61... instead of 
the combination.^ that I showed (the two alleles for 
the same gene] ... 

SA: When they breed... like the capital D...from the mother 
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or say che father and Chen che srzall d frora Che ocher 
one • • • 

k cursory look «c student A's Punnett square might lead one to think 
that he simply took two alleles for a single trait from one parent 
and placed them arowd the square as shown in Figure 7A. However, 
the above discussion shows that student A knew that each parent con- 
tributed a single allele for a particular trait. Through manipula- 
tions of particular features of his chromosome model, he was able to 
describe a "meiotic mechanism** that results in the allelic combinations 
shovm around his Funnett square. 

I: You seem to be uj^ying that you got the capital D from 

one parent and the little d frooc the other parent. . . 
SA: That's through meiosis. . .breaks them all apart. . .going 
back to the genes, you get one allele from each parent, 
that makes xip the gene... 
I: ...show me how this process of meiosis woi.>js... [see 
Figure TB] 

S\; ...way it starts out. And then It's gonna divide and 
then replicate, so you end uo...like that. And then 
If Ic was like eggs, any three these would have 
died, along che way somewhere and you'd only end up 
with one. 

I: So thesa [pointing to final 4 products] represent 

either the eggs or the sperm? 
SA: Yeah. 
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I: Sow is Che sace thing going to happen for the capital 

B and liccle b too? 
SA: T«ah. 



Figure 7 Here 



Fxjorther questioning revealed that the student's allelic cc^ica* 

tlons were the result of this mechanism occurring in both parents, 

> 

and that combinations such as Dd or Bb ixrrolved each parent contribacing 
a single allele. . Close examination of Student A's discussion pjxd 
drawings revealed many gaps in his explanation -of his procedural 
solution, and errors in his manipulation of a constructed chromosome 
model to fit the solutions steps he took. For Instance, he constructed 
a chromosome model in which a pair of alleles for the same trait are 
linked. Also, he diagramed a chromosome ""breaking apart** (the pair 
of alleles are separated) , then doubling and finally "breaking aparf* 
again tc produce fotir gametes. Not sxirpristngly, given his chrcmoscme 
model, he did not show any understanding of homologous chromosomes. 
Toward the end of the Interview, Student A also considered a one* 
chromosooe model and indicated that, with respect to his meiotic 
mechanism and this proble«&, it did not make much difference which 
model is correct. In spite of his errors and omissions, however, it 
would be a mistake to assxime from his incorrect solution to a simple 
.dlhybrld problem tiiat he had 212 understanding of genetics. He knew 
that eacli parent contributed a single allele for aach trait and that 
offspring receive a full complement of genes. Furthermore, he tmder* 
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«o«d chac his procedural ,= un„ ta a-s dihybrid jrcbU, U ,rov.-.d,d 

t, r.al «rU obJ.c=a (chroao. .r..a, .jg^ ar^ and 

division). 

this student had no difficulty producing a correct solution to 
* siapl. dihybrid problem, but developed an incorrect r.o- chromosome 
model to explain his solution steps. He was asked to circle arything 
thac r.prM.nted a gamete in the problem solution, and he correctly 
identified several. Then, 

I; .How do you know that's a gamete? 

S3: then it goes -Tough meiosis. these are -the possible.. 

..gametes tha can be foraed... 
I: Chen what goes* through meiosis? 

S3: When urn. a chromosome. Well that's what the traits 

*re on. Traits are on chromosomes. 
[Student B then produced the diagrams shown in Fiyare 8A.] 
I: How many chromosomes have you shown me here? 
S3: Four. But really two but. urn. they replicate. . .they 
replicate and then they fora with their homologous, 
homologous pairs. And they go through division. 
The studen. then produced the diagram in Fig^are 8B. and explained it 
by saying: 

...you have the chromosomes then «hat they do is repU- 

cate. and so you hav, a, oh, another D over here and another 
big 1... little b and little d and then...«hen they go through 
division, then you got, ua...four gametes with different 
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conbinacioas...Ar.d chev could be differer.c. juss deser.dir.g 
on crossovers and un. is, defending on crossovers chrougr 
Ch« chromosoaes. 



Figure 8 Here 



Ic is clear chac his chromosomal manipulation diagraaaed thus far 
will result in only r^o of -he four gamete t:^es shown in the problem's 
solution. The possible "solution- to this difficulty is hinted at 
In the last part of the *xcerpt, and when the interviewer explicitly 
•sfced how this model could account for the other, r^o gamete types, 
the student produced the diagram shown in Figure 9 and explained: 
Urn, well during meiosis, um, think it's during. . .either 
aetaphase or anaphase, one of those r^o. Vm, the chromosomes 
will, sort of break off. And will, let's see. It'll end 
up like that. Let me see. And that part goes over to 
this part, and this goes... and so what you have is u=, 
like you have, one... one, of the regular chromosomes and 
one part, of the broken off chromosome. . .then you have, 
that part and then you have this part of the broken oti 
chromosome, so they could, mix. So they, that's how you 
get, you know, different combinations of different, -a, 
gametes . . . 

Thus each parental genotype represents r^o chromosomes with an 
*ll«le for each trait on each chromosome. All possible gamete types 
*re explained through a crossing over mechanism that takes place 
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during oeiosis. I= in=«es=ing co noce chac when sc.de.c B vaa 
asked whac. if anyching. pr.vencad che for=aclon of go^eces such as 
Aa. and Bb. his inicial response was to scace thac ic voul.d -...end 
up with . loc of problems if you have chis kinda combo... you can'c 
r.aUy...ic.d be a mucacion.- Whan questioned further on this issue, 
however, he was able to talk about -homologous chromosomes lining 
up". Within the context of his chromosome model the homologs are 
shown in Figure 8D. When presented with an alternative one-chromo- 
some model. Student B si^ly stated that the chromosome "...couldn't 
dtvid. if they [the traits] were on the same chromosome.- 



Figure 9 Here 



This ,tudent correctly solved the dihybrid problem and constructed 
a chromosome model that demonstrated a reasonable understanding of 
the genetics underlying his correct procedural steps. This student 
15 also distinguished by an Increased ability to consider alternative 
chromosome models and reject incorrec. ones. He doe^, lack an important 
concept - the pairing of homologous chromosomes during meiosis- 
the absence of which makes his explanations incomplete and his accep- 
tance of a four- chromosome model somewhat tentative. 

Student C correctly identified the pairs of sjniols on the outside 
of th. .ounnett square as gametes. When asked why he had not constructed 
pairs such as Bb and Dd, he replied, 
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.•.chey ara supposed to be gaaeces. And they've oniv goc one 
of a kind. Gaaetes should only have, either one part of the 
trait or the other, the dominant or recessive «No, ic can't 
have two of these. This coxxldn't be a gaaete. 
Wien asked if anything insxires that such pairings will not occur in 
organisms, he identified aeiosis. More importantly, he was able to 
diagram a aeiotic division, initially utilizing just the symbols 
representixig the genotype of a single parent (chromosomes were not 
discussed at this point). He elaborated on this representation in 
the following exchange. 

I: Vould it be possible for you to take, this makeup 

of the parent, (BbOd) through meiosis? 
SC: OK, ..Put 'em all together first., •The cell. And 
they replicate. . .I'm also gonna put another one 
in here, so I don't hafta draw anovier little one. 
X r -^K. 

SC: This is where they get together in little, groups of 
four, [pause] I'll jus-t draw xr^o cells then. These 
become, two cells when it splits down like this, which 
means... like th^t, and like that. It could be, the 
other way around. You don't hafta have little b's on 
one side. 

I: I see. 

SC: And the, doesn't, and then it divides rigjtit away again, 
so we'll divide dowr tike that, and divide it, like 
that. To get,,. four little ones with, d, b and D, B. 
Ipause] 



1: And Chen ches* ocher^^^I mean you had tvo differenc, 

trpms cher«, 
SC: Tcah. 

I: Atd then this, you had four, and thac voxild cose abouc* 
• ••and thasa othar tvo you could accounc for how tiian? 
rha liccla d and large B and large D and llcrle 

ht... 

SC: Ic's probably jusc the way they're lined up because 
X, they don't hafta be in. . .any real particular order, 
these could be over here. 

The Moipulation of allelic symbols through « meiotic division 
shows a reasonable \xnderstanding of the genetic mtchanisas that explain 
his procedsral solution steps. When asked if (and then how many) 
chrooosooea are involved in this problem solution, student C's initial 
response vas thac there ware two chromosomes for each parental genoc/pe. 
His model is shown in Figure lOA, and a meiocie division of ic is 
shoxm in figure lOB. 



Jig^ix^ 10 Here 



After drsrlng his modal and melocic division, he scacad thac Che 

addicion ef chromosomes has complicaced the maccer: 

"I forgo c abouc replicacion. . .1 sshoulda drawn four in the 
first place. There areu't two chromosomes, there are 
four!* 

Ha than constructed a four* chromosome model as shown in Figure IOC. 
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H« identified whac he considered co be a major problera wirh chis 

fflodel» hovever: 

they'd run into probleas. depending on how they lined up. 
If you kept 'em lined up exactly like this they'd still 
end up vith tvo of this trait here and none of this other 
one* 

Whac was absent from his othend.se reasonable model and explanation 
is t:;e idea that homologous chromosomes pair during meiosis, ensuring 
that th« "wrong gametes are not produced. The absence of tiiis concept 
not only made his exp?,anation incomplete, it led him to consider a 
two -chromosome model (Figura lOD) as plausible, -His reasoning was 
that such a model soV the problem he had with his four-chromosome 
model. In the end he returned to a four- chromosome model because he 
recognized a diffv ,ent problem with his two -chromosome irodel: how 
would such a model produce all four gamete types shown around the 
Funnett square? 

Disc-^sion of she Thrte Sr^^^dm^-^ ' 
Obtaining right answers to dihybrid genetics probleas is often 
simply a function of having the appropriate algorithm3(s) at one's 
disposal. If arriving at correct answers were th^ sole indicator 
for Judging success and learning following genetics instracrion, 
then wa would have no difficult;'- discriminating Student A from Scudencs 
B and C, However, if we are also interested in ascertaining whether 
or not students are "thinking genetically". -where such thinking is 
evidenced at least in part by the ability to explain (in terms of 
the underlying chromosomal and meiotic mechanisms) the algorithmic 
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solttcion scMs cak«a..chea Scuder.cs A. B. and C canr.oc be so sir.?ly 
eharaes«rls*d and cactgorised. 

Each of thast JSudtncs used concepts of genedcs ta solving 
dihybrid problems. This was evidenced by their ability to: (1) 
conatruce * chromosome model, and (2) manipulate this model with an 
•xplicit reference to a process each Identified as meiosis, in order 
CO explain the prior procedural solution. This is not to say that 
no dl.fferesces existed among the three students. Student C's model 
and explaoaclon were more nearly correct than either of the others, 
and Student C was the only one to consider and reasonably rule out 
altematlva incorrect models (although It should be remembered that 
because Stud-nt C did not se«ii to have . woridag knowledge of homologous 
chromosomat, a two- chromosome model represented a tempting alternative). 

Students A and 3 oake what could be described as interest 5 
errors. Despite the g>oss procedural errors characterizing Student 
A's solution CO the dihybrid problem, his explanation of that solution 
clearly Indicates some knowledge and understanding of tht underlying 
genetics atid a deuionstrat.d ability to apply that knowledge in a 
reasoned manner. The sase can be said about Student B. Their nost ,-;es. 
as well as those of Student C. are interesting and useful when viewed 
within a pedagogical context. If they are not completely idiosyncratic 
(and the three types of chromosome models described in this paper 
would indicate that they are not), they can point out areas to which 
genedcs Instruction must be sensitive, such as homologous chromosomes, 
allelic linkage, and crossing-over. 
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Dtscu.-.<->- 1-4 t..,,,,^.. 

b.W,r. e^. u „ . ^ ^^^^ ^^^^^^^^ 

t«««=Ion X. ch« .tud.n« .til ^..1,, ^^^^^^ 
«ch«t,„ „ ^^^^^ ^ ^^^^ ^^^^^ ^ ^^^^^ 

•01V1.J. Wlchou. „ u„d.r,t.«tt„, of u=d.rlyl„5 «ch«l,o, 1. t, 
~ch llUly ch.. .a^„„. „ ^.^^^^^ ^^^^ 

b. .Ijorlth^e ^^^^ 

th. c«. due «nd.r,»,<tt„s .t th. 1.V.1 of 

««IcuU. If no. J^,„1U.. to .01^ ^ ^.io, probl^. 

(Sc.v„.. zu..h„. « (Ciun,. s«».„. SI.,,. 

luv. r.por«d m ,.n.clcl.«. f„i^ cWW,,., ...li,^, 

Probl.^. „. ^urlylns ..c-.nl«„ .uch « -lo,!, .o c,„=r„o= 
lWoeh..„ e,« rir » th« w co.«d, . .olucion. 

eiva th. .bov.. .nd ch. r..uU. of our roscrch that ,„js.„ 
th.= MsH school ,=ud.„„ „y .lc::„civ. vl.« of 

«l..l. follo.1.5 tn^cructlon, -.. f..i our r.,..rch h.. ch. 

follovln, I-pUcrion. for thos. l„r.r.,r.d tn .„urln, thar hl,h 
•cUool ,tud.„c .Uvlop ,„ .ecurar. »4,r,«„dtns of «.lo.I,. 

I. I..ch.r, n,.d c, b. ...r. th.= .1= ac. v;,«, »uch « 
th. on., <l«crlb.<l l„ chl, pap.r. «,y b. common ourco.es 
of tarrucrloa. Th.r.f,r.. eh.y M.d co tak. ,c.p, ro 
r.d«=. th. Ulcllhood that eh.« alcn^rlv. vl.v, „iu 
occur, and to Idantlfjr th.m tf th.y do' oc. _•. 
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no oacrar whac coda! 

Chey used, recognised ^-Sa- ^••-^ 

5^ -eG .ha. cr.rooosoBes double and diVca 

*PU=) . ic see, obvious chen. chac ,=uda-cs 

Co some details of th« f-»e-^ ^ ^ 

the inscr^cion but ha.en'= alvays learr.d 

mora i^poreanc concepts. Teachers need co b« - , 

neea co be cararul when 

Caaching abouc oeiosis t-i,,^ ^ 

•"3XS Chac scudencs understand che aosc 

salienc features of che process Thf, 

V ocess. This nay mean leaving 
ouc cuch of che decail rhae 

thac is currencly found in genecics 
inscruccion (see Thon^on & Sceverr. 198S) 

r: ~ — rs shouid 

»ore Chan Che answer. Scudencs -should be ..ecced 

Justify answers ac whacever level of » - " 

xevei of mechanism chey 

have been caujhc. Persuasion plavs an imnor- 

FJ-avs an imporcanc role in 

science. Scienciscs are conscanc^y in t^ , 

Che posicion of 

having CO persuade cheir peers tha- c^. 

^ result..; of che^r 

research (problea solvinz) is i„ • . 

is logical and that thera is a 
-l«.nc. ^^^^ 

Koc only will teachers gain iasi^hr f - 

S la insight into student thinking, 
out students mav devi»i«r, - 

develop more neaaingful understanding of 
genetics and of what.- f ^ »^ 

^'^ »«ai'-s to -do" science. 

In an earlier p.per (Stewart and Dale 198^ 

uaxe, 1981) we argued 
Chat. si,ice many students are cble ca .u. . 

-o^e to obtain correct answers 

Siv, ^^^^^^^^ ^^^^^ ^^^^ 



In su=n:ari2in5 che results o: chis core dec^ilec aralvsis 
of scudanc understanding cc ceiosis, ve are able zo reirerace 
chis claia. However, it is clear chac such a claia does 
noc call Che whole scor/. Many of che scudencs who obcained 
correct answers, and even some who obcained wrong answers, 
did so by manipulacing alcemace chromosome/gene models in 
ways chac accounced for Cheir solucion procedures. Therefore, 
we are conce- I chac currenc evaluacion procedures only 
reward studencs for correcc answers, and not: che process 
of obcaining answers. This practize leads co rewarding 
some students who have lictle under;. tanding and does not 
reward other students for imaginative model buildini; because 
che outcome of the mcaal building process is not a correct 
answer . 

Since the sradents in our study were in either the ninth 
or tennh grade, it is reasonable to expect that many of 
them would probably have difficulty with combinatorial 
reasoning. Yet, very few studencs in this svjj^ had diffictil- 
ty with the logic of combinatorial reasoning (in fact they 
were very inventive) . Their difficult;/ was caused by a 
lack of conceptual knowledge necessary to manipulate the 
combinations in correct ways. Students whose models were 
"wrong" nonetheless manipulated them using sophisticated 
combinatorial reasoning. 
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APPENDIX E 
Definition of terms Used in MENDEL 



1 Chro«oso-e.: A chromosome (more properly a chromosome pair) is seen as 

• containing t«o i^P^f ^""^ ,f f^^'inked (noted by a Boolean true) 

« T Inked' if a chromosome is sex iinKca ^""^^^ J 

SSoS~ UnSnllf of *e chro«oso» contributes 

no information (symbolically represented as NIL), 
u A nf loci- a chromosome may be viewed as a linked list of 

in the linkage topic. 
"^a^^A locus: a location on a chromosome (and inherits the sex linkage 
b. riist of alleles which may occur at that locus. 

"^a'^^ allele is a name or tag given to a set of values that may ccur 

- SH-JSLr ^^^^ r -fi« 



a NIL. 



Traits 
a 



a" trait 1-s a ohvrical manifestation of a locus or loci. 
I trait has a nLber of variations which depend on che genotypes of 
an individual at t. particular locus or loci. ^.^iation 
c Se list of all possible genotypes for a trait and the v^'^i^^^;" 
Sat corresponds to that genotype is the Expression Chart for that 
particular trait. 

TT'notyp. IP . list of sublists, each sublist representing a pair 

. li^tW: "ririrdtpe'„d:ntT;ne locus whose possible 

!Se viiues are" a^ B then the possible genotypes for this traxt 
are ((Af.)), ((AB)), and ((B8)). 

c. Example 2: Another trait dependent ^n "° l"^' 

£t'j:s-r g:n:t;r <5Afr(co)!-)'^«M M,^ 

(CC))!((AB) (Ed)),((AB) (nD)),((BP (CC)),((BB) (CO), and ((BB) 



. 4( IRS 



i^^^^'ii .^11 deallne with craits dependent on only one 

pair o£ alleles with different nanes e.g. ((*»)) )• 

'^aT«ai?r^r...l.n Chart consist, .£ a list of suhUsts of th. 
form: ( Genotype Variation-Name ) . i c v i ^ 

b. l: usi^g the possible gonotypes from example S.b.l a 
possible expression chart might look li^^e: 

( ( ((PA)) Large ) ( ( (AB)) Medium )( ((BB)) Small ) ) 

( ( UAa;; i^rge J \ V V„i„x „«notvt)fes "an only represent the same 

c. Assumption 1: (one locus only) genotypes -an ""^y V 

variation when they share at least one ^l^^l^ <^^^J^^=^ tWUeU 
((AB)) could be the same variation (because they ^^are the allele 
A . but ((AA)) and ((B3)) could not be the same variation), 
corollary la: no two homozygote variations may look alike, 
d ^S^JSn 2 If two heterozygote genotypes represent the same 

fa^^^J^o'n the expression chart, then the homozygote of he^ hared 
allele also looks like the two heterozygotes . (Example if ((AB)) ana 
((BO) look alike then ((BB)) also looks the same.) 

Inheritance Pattern (IP): a general way of describing the Expression 

'':"o^f Jo'cuf IP's: we are generally interested in this small subset of 

"i'"two allele IP's: two allele IP's consist of two homozygote plus 

°"! ^llZl7i:Tin^T7sl): an inheritance pattern that has two 
variations where one of the homozygotes plus the 
heterozygote represent one of the variations and the other 
homozygote represents the other variation. 

- Codominance (CD): an inheritance pattern that has three 
variations where each variation is represented by one of 

ii. MultiSe (moreTan 2. generally 3) alleles (MA) IP's: more 
general than either SD or CD. ^ „^ -i 

- In MA with 3 alleles nbere are 3 homozygotes and 3 

heterozygotes . ^ 
b Interaction (more than 1 locus, generally 2 loci) ^P^' . 
< These inheritance patterns represent a large percentage of the 
^oblem space, but because these patterns -"/^^Pj- 
the simplest of cases we are not as interested in them for 
tutoring pui^joses. 

8. Phenotype: individual, a phenotype is a list of what 

lri«tiori a particular individual exhibits, one for each trait, 
b Se Sn^yJe'^pS the sex of the individual is the information the 
b. The pnenocype pxua u , , . , ^ . , ^- access Information such as 
student or the solver should be able to J^''^ 
particular genotype is restricted to the GENERATOR. 

9. Modifiers: 



17 u 



Pleiotropy: if thev are both dependent on at 

*" boA traits are dep.nd.nt on thet on. locus. 

Bbnn^:.'rt™ 5^rd-t:T.vJ.sr ,or .... 
siri: « 3...I tH. ^-n'.^r„:r:o°^at 

sex linked chromosome the possible female geno^yP* 
^changed but the male possible genotypes would be ((A NIL)) 

always look like ((AA)) ). 

Autosoml Urfcage: , ^u^^ -r.. on the same chromosome the 

1 If two traits have loci that are on tne ^^„^,.ut,r\ 
I. IE cwo «a . . 1 c£ are close enough together). 

one member of the chromosome pair are more iiKeiy co □ f 

J^f Ukeiihood that both members are passed together is det.ned 
in terms of distance between the ioci 
Linkage may also occur between more than two loci. 

'Tln"rf:rence occurs in concert with Autosomal Linkage. There 
! L ar least three loci on the same chromosome, 
interferenc' occuS when the distance between the two furth^t 
apart locals not functionally equal to the sum of the distance 
from each of these loci to the center locus. 
""ffSnotype that is a lethal causes any individual that has that 
genotype to be dead. 



ili 
iv 



171 



APPENDIX F 

Extended Definitions of Teras Used in MENDEL 

1. Population: 

a Chromosome list of the individuals. 

h. XrSt list of the traits in the population we are Interested in 

c. uSSagf^trix of the probability that the allele values from two 
loci will occur together. 0 represents that the probability is 
determined randomly. 

d. Offspring list iu the populatii>n. 

2. Chromoson^:^^^^ ^^^^^^^ ^^^^^^ ^^^^^^^^ 

b. Loci list the chromosome contains. 

^" ^a'^illele list of the possible allele values for the locus, 
b. Traits Affected list: what traits the locus influences. 

4. Trait: , . ^ 

a. Loci list of which loci determine the trait. ^ ^ ^ui., 

b. Variations: what variations are possible in the population for this 

c. Expression Chart: a list of what genotypes will correspond to which 
variations in the population. 

5 Offspring: (each one represents a separate vial in the population) 

a. Vial-descriptor: description the physical vial. 

b. Sex Class list: of the offspring 

6. Sex Class: one for each combination of different phenotypes plus sex in a 

population. ^, ^ , 

a. Phenotype for the sex class as defined above. 

b. Sex of the Sex Class. 

c. No-of -Individuals in the Sex Class. 

d. Individual -Matrix: a matrix of the allele values an individual has 
for each locus in the population. 




The definition of the characteristics of the initial population is 

re«"erred to as CUSTOMIZATION. 

a CUSTOMIZATION is implemented using a menu which contains 

probabilistic and definitive information concerning the PoP^^J^Jion. 
Information as to which IP's and modifiers occur in the populat on 
and the probabilities of occurrence are set by the user (teacher) . 

information as to how many traits plus the -^"^---"herr " 
oroeeny are also set by the user ( teacher) . The us. r(teacher) 
tre«for"define.<, a class of problems without defining ^Le actual 
parameters of the population. The program then choose,, a problem 
representation within this class of problems. 

The creation of the initial population in the GENERATOR is cal MAKING 

TTITIAL POPUIATION. , ^ . ^ ^ 

a The main interest in forming tne initial population is to create a 
set of individuals from which all of the factors influencing the 
population may be discovered, but which does not indicate the 
factors through initial ratios, 
b ni3 method used in this initialization has to do with generating all 
* ^he patterns the student might see ^-.nd =hoosing a random set of 
these (though it is unlikely that these individuals will be 
representative of a random sampling of the underlying factors.) 

The creation of vials is referred to as CROSSing. , ^ ^ 

• ^:."hf choice of parents in a cross is left either to the user(student) 
or the solver, the job of the generator is to simulate the "leiosis 
process with the individuals specified to produce an offspring which 
conforms to a normal curve random sampling of the possible 

b Thf^nSr of individuals and their sex is random though nt,mber of 

individuals is dependent on min and max progeny and sex on 50%. 
c For each expected individual the meiosis process is performed and 

the individual (if not dead) is added to the resultant offspring, 
d. The basic meiosis process involves only a random number generator 

plus the linkage matrix to determine which parental genotypes will 

be chosen to form the offspring individual. 
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APPE3n)IX G 



A SaBple Problem and the Logic of the SOLVER 

►-he Initial Population for this problem is shown in vial-A below: 

vial-A 

[Parents: Initial Population | 
1 Traits: ANTENNAE THORAX | 



SEX 


# 


ANTENNAE 


THORAX 


f 


5 


MISSING 


TETRALTERA 


m 


1 


MISSING 


TETRALTERA 


f 


3 


MISSING 


DOTTED 


m 


5 


MISSING 


OTTED 


f 


7 


MISSING 


BECKED 


m 


6 


MISSING 


CHECKED 


f 


7 


CRINKLED 


TETRALTERA 


m 


5 


CRINKLED 


TETRAJTERA 


f 


5 


CRINKLED 


DOTTED 


m 


8 


CRINKLED 


DOTTED 


f 


4 


CRINKLED 


CHECKED 


m 


b 


CRINKLED 


CHECKED 



From the initial population we observe the following: 

1. There are two traits. 

2. The 1st trait, ANTENNAE, has two variations: Missing and Crinkled. 

3. The 2nd trait, THORAX, has three variations: Tetraltera, Dotted and 
Checked. 

Since no crosses have been done yet, the only possible cross plans are to 
cross unlikes, so we will make plans to cross: 

1. For trait ANTENNAE: 

a. Crinkled and Missing parents 

2, For trait THORAX 

a. Dotted and Checked parents 

b. Tetraltera and Checked parents 

c. Tetraltera and Dotted parents 

Proceeding into the strategy Experiment, we decide to generate a hypothesis 
for each trait: 

1. For ANTENNAE, we know that the trait has two variations (from above), 
therefore we make the hypothesis that ANTENNAE is the result of Simple 
Dominance. Within this hypothesis, we are further able to determine that 
there are two possible expressxon charts: 

a. Missing is dominant: 
AA - Missing 

AB - Misjing 
fifi - Crinkled 

b. Crinkle i is dominant: 
AA - Crinkled 

AB - Crinkled 
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2 For THORAX, we know that the trait has three variations from above) . 
therefore we make the hypothesis that THORAX is the result of Simple 
W^n" Within this hypothesis we are further able to determine that 
there ar :hree possible expression charts: 

a. Tetraltera is the heterozygote: 
AA - Dotted 

AB - Tetraltera 
BB - Checked 

b. Dotted is the heterozygote: 
AA - Tetraltera 

AB - Dotted 
BB - Checked 

c. Checked is the heterozygote: 
AA - Tetraltera 

AB - Checked 
BB - Dotted 

Proceeding into the Test and Refine Hypothesis strategy we Pick a Cross, and 
decide to cross a Crinkled Dotted individual with a Missing Checked 
individual . 



Results of Cross 1: 



1 Parents 
ITraitn: 
1 SEX 


: m vA CD 11 f vA MC 12 | 
ANTENNAE THORAX 1 
# ANTENNAE THORAX I 


1 f 


9 


MISSING 


DOTTED 1 


1 ni 


6 


MISSING 


DOTTED 1 


1 f 


7 


MISSING 


CHECKED 1 


1 n» 


6 


MISSING 


CHECKED 1 


1 f 


5 


CRINKLED 


DOTTED 1 


1 ni 


7 


CRINKLED 


DOTTED 1 


1 f 


4 


CRINKLED 


CHECKED 1 


1 ni 


8 


CRINKLED 


CHECKED 1 



Male parent vial A: 

- phenotype: 

Crinkled Dotted 

- individual number 1 
Female parent vial A: 

- phenotype: 

Missing Chp^ked 

- individual number 2 



Examlnirz the cross data from the first cross, we note that: 

r For^ratt ANTENNAE: Crossing a Crinkled male from vial A with a Missing 

female from vial A resulted in 15 Crinkled males. 9 Crinkled females. 12 

Missing males and 16 Missing females. . , . ru^^ir^^ 

2 For trait THORAX: Crossing a Dotted male from vial A with a Checked 

female from vial A resulted in 13 Dotted males. 14 Dotted females. 14 

Checked males and 11 Checked females. 

From this Redescriptlon» we make cross plans: 

1. For trait ANTENNAE: . . ^ ■, ^ ^ i w 

a. Cross a Missing male from vial B with a Missing female from vial B. 

b. Cross a Crinkled male from vial B with a Crinkled female from vial 

We also remove the plan to cross a Missing parent with a Crinkled parent 
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since this cross was Just done. 
2. For trait THORAX: 

a. Cross a Chocked male from vial B with a Checked female from vial B 

b. Cross a Checked male from vial B with a Checked female from vial B 
We also remove the plan to cross a Dotted parent with a C*^ ked parent 
since this cross was jixst done. 

Examining our hypotheses we determine that: 

1. For trait ANTENNAE: Both hypothesized expression charts could explain 
the data. For example, in the expression chart where M'ssing is dominant 
the father could have been genotype BB. the mother genotype AB giving 
Missing and Crinkled offspring of both sexes with a 1:1 ratio. 

2. For trait THORAX: The expression charts where Dotted and Checked are 
heterozygote are possible, but the expression chart where Tetraltera is 
heterozygote fails because the only possible result of crossing Dotted 
and Checked parents in that expression ^^ould be Tetralr ra offspring, 
thus the expression chart fails leaving only the above mentioned two. 

Results of Cross 2: 

vial-C 

1 Parents: m vB MC il f vB MC il | 
I Traits: ANTENNAE THORAX I 



SEX 


# 


ANTENNAE 


THORAX 


f 


11 


MISSING 


TETRALTERA 


m 


3 


MISSING 


TETRALTERA 


f 


8 


MISSING 


DOTTED 


m 


3 


MISSING 


DOTTED 


f 


14 


MISSING 


CHECKED 


m 


7 


MISSING 


CHECKED 


m 


4 


CRINKLED 


TETRALTERA 


m 


4 


CRINKLED 


DOTTED 


m 


11 


CRINKLED 


CHECKED 



Examining the cross data from the first cross we note that: 

1. For trait ANTENNAE: Crosping a Missing male from vial B with a Missing 
female from vial B resulted in 19 Crinkled males. 13 Missing males, and 
33 Missing females. 

2. For trait TOORAX: Crossing a Checked male from vial B with a Checked 
female from vial B resulted in 7 Tetraltera males. 11 Tetraltera females 
7 Dotted males. 8 Dotted females, 18 Checked males and 14 Checked 
females . 



From this Redescription we make cross plans: 

1. For trait ANTENNAE: 

a. Cross a Missing male with a Crinkled female. 
We also remove the plan to cross a Missing male from vial B with a 
Missing female from vial B since the cross was just done 

2. For trait THORAX: 

a. Repeat the cross of a Checked male from vial B with a Checked female 
from vial B. 

We also remove the plan to cross a Checked male from vial B with a 



Checked female from vial B since this cross was just done. 

Examining our hypotheses, we determine that: 

1. For traiw ANTENNAE: The expression chart where Crinkled is dominant 
since crossing Missing parents could never result in a Crinkled offspr- 
ing. The expression chart wheu Missing is dominant is unlikely since 
the only explanation would require that a statistically unlikely (< ,01) 
event (low offspring numbers) would have to have occurred for this 
expression chart to explain the data* 

2* For trait THORAX: The expression chart where Dotted is heterozygous is 
impossible sinv^^e crossing Checked parents cculd never re'iult in Tetral- 
tera or Checked offspring. The expression chart where Checked is 
heterozygous remains possible. 

Exiting Test and Reflna Hypothesis, since our hypothesis for ANTENNAE is no 
longer likely, we reach the step of Check Alternate Hypotheses, but sinre we 
do not have a final hypothesis for ANTENNAE yet we return to the step of 
Generate Hypotheses where: 

1. For trait ANTENNAE: We decide that since Simple Dominance failed and 
t! are are some indications from the last cross, the next hypothesis we 
should consider is Simple Dominance ana Sex Linkage. Within this 
hypothesis we are further able to determine that there are two possiblii 
expression charts: 

a. Missing is domir::nt: 

Male Female 
A_ - Missing AA - Missing 
AB - Missing 
B_ - Crinkled BB - Crinkled 

b. Crinkled is dominant: 

Male Female 

A_ - Crinkled AA - Crinkled 

AB - Crinkled 

B_ - Missing BB - Missing 

Bringing these hypotheses up to dat^ for the two crosses already done, we note 
that the second expression chart could not explain the second cross since 
crossing Missing parents could never result in Crinkled offspring, thus this 
expression chart fails. The other; expression chart remains likely. 

Since each trait now has a likely hypothesis that has only one expression 
chart, we do not naed to reenter Test and Refine Hypotheses, but go straight 
to Check Altem&ce hypotheses, where we would consider a number of other 
hypotheses (which would require a lot of space to show without really 
demonstrating anything new) . What is determined is that other expression 
charts are still possible and we still need to get more data. 

Returning to Test and Refine Hypotheses we plan to cross a Missing Checked 
male from vial B with a Crinkled Checked female from vial B 



Results of ross 3: 

vial-D 

I Parents: m vB MC il f vB CC il | 
j Traits: A>^'?:NNAE THORAX | 
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1 SEX 


>« 


ANTENNAE 


THOkAX 1 


1 f 


11 


MISSING 


TETCALTERA | 


1 f 


8 


MISSING 


DOTTED 1 


i f 


17 


MISSING 


CHECKED 1 


i > 


5 


CRINKLED 


TETRAITESA | 


i ■ 


10 


CSilVruJESi 


DOTTED 1 


1 ■ 


19 


CRINKLED 


CHECKED 1 



Exaaining th« cro«« data ''•rom the first cross w« no^e that- 

1. For trait ANTENNAE: Crossing a Missing «•!. frou vial B with a Crinkled 
feaale fro. vial B re*ulted in 34 Crinkled males and 3^ Missing females. 
I*' THORAX: Crossing a Checked male from vial B with a '.Tiecked 
female from vial B resulted in 5 T.traltera «,le«, 11 Tetraltera females 
10 Dotted males, 8 Dotted females, 19 Checked males and 17 Checkea 
females . 

From this Radescrlptlon we make cross plans- 

^' l^'liT^^'J^^fi P^*^ • »*i"i"8 from vial 

2. ?o: «aJt ™Si;f ^^'^ ' '^"^^ - 

a. Repeat the cross of a Checked male from v*al B with a Checked female 
from vial B. 

We also remove the plan to cross a Checked male from vial B with a 
Checked female from vial B since this cross was Just done. 

xamining our hypotheses we determine that: 
1. For trait ANTENHAE: The remaining expression chart still fits the data 
Z. For trait THORAX: Th« remaining expression chart still fits the data. 

Exiting Test and Refin. Hypothesis since we have a likely hypothesis for each 
rl^A^.T T ""^^ ^^''^ Alternate Hypotheses. This iime the exit 

condition is met so we leave Experiment and anter Check Results. 

^T" Modifiers, we note that we have determined that 
r- the result of Sex Linkage and the other is net, therefore the two 
modifiers we would consider. Autosomal Linkage .nd Pleiotropy are not 
^'li^V r '^^^ »traight to the Review- Solution step, where we do a 

statistical analysis of our solution (not included). 
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APPENDIX H 



An Exanple of an Ideal Justification in a Tutoring Session 

A student's ability to explain his or her solution is an important 
feature of model -based problem solving. In this, we present an example of an 
explanation for a problem of moderate difficulty. The example serves as an 
illustration of how we define and operationalize understanding and what a 
student should be able to do. The explanation is structured around our 
Strategy Tree. At the end of each section, we have included questions that 
could be asked to elicit a student's explanations. While not all of the 
answers to these questions will be able to be easily translated into the 
MENDEL system, they do provide a basis for deciding which procedures could be 
routinized so that a computer could prompc students to provide explarations 
that could be evaluated. 

A student wouldn' t be asked to explain every step of a problem solution 
or provide the same type of explanation at every stage of their problem- 
solving experience. It may be that as their experience increases with a 
variety of problem types the less they would be isked to provide explanations 
in terms of meiosis. Once students were judged to be proficient at explaining 
solutions to a set of problems in terms of meiosis, their knowledge of meiosis 
would then only be reevaluated when they encounter new inheritance patterns or 
modifiers. In addition to explanation in terms of meiosis, there are other 
explanations (at a non-causal model level) that will involve providing 
definitions, empirical ansociations and manipulating allelic symbols. What 
follows is a solution to one problem that inclu'^-^s explanations, definitions, 
empirical associations^ and meiosis. The problem itself could include: 
simple dominance, codoninance, sex linkage, and autosomal linkage. The 
problem begins with a parental vial of field collected organisms. 

Parental Vial: 

vial -A 

[Parents: Parental Vial | 
I Traits: EYES WINGS | 



SEX 


# 


EYES 


WINGS 


f 


5 


APRICOT 


QUILTED 


m 


7 


APRICOT 


QUILTED 


f 


3 


YELLOW 


SHORT 


m 


2 


YELLOW 


SHORT 


f 


4 


YELLOW 


QUILTED 


m 


2 


YELLOW 


QUILTED 


f 


3 


GARNET 


SHORT 


f 


1 


GATliET 


QUILTED 


m 


3 


GARNET 


QUILTED 


f 


6 


APRICOT 


SHORT 



Redescrlpclon: In Vial -A, It should be noted that there are 2 traits 
(EYES and WINGS); that EYES has 3 variations (Apricot, Yellow, and Garnet) and 
WINGS has 2 variations (Quilted and Short). It can also be noted that there 
are 2 missing phenotype classes Garnet Short males and Apricot Short males 
(missing phenotypes by sex classes uay indicate sex linkage) . 
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Questions ta EUctt a S tu^ant's Kxplanations r 

1. How many traits are there, how many variations per trait? 

2. Why is it important tc .ote missing phenotype classes? 

Entertain Initial Hypothesis: On the bar.is of this redescription. it is 
possible to entertain 2 hypotheses: 

1. that EYES is the resuln of codominance, and; 

2. that WINGS is the result of simple dominance. 

To explain at this point is to indicate that by definition codominance is one 
situation in %rtiich there are 3 variations for each trait, and similarly simple 
dominance is characterized by 2 variations for a trait. (By establishine 
these initial hypotheses there is rdditional -baggago" concerning the number 
of genotypes and how genotypes map to phenotypes. more on this under Explain 
cross? . There are other hypotheses consistent with the number of variations 
exhibited for each trait but they are more complex than codominance and siuple 
dominance and therefore can be ignored until the simwle hypotheses are shown 
to be inadequate. 

QqggtiPns to FAir.1t a Stud«.n^^ s Ext^^aT,a^^»^^^ . 

1. Why do you think that the inheritance pattern for EYES is 
codominance? 

2. Why do you think that the inheritance pattern for WINGS is simple 
dominance? 

3. Why ara you entertaining an hypothesis at this time? 

4. What do you mean by codominance, by simple dominance? 

Perfcnt A Cross: Even though there are some crosses that could produce 
more knowledge and therefore be more efficient, it is more important that a 
student can explain any cross results. The first cross was a cross between 
parents with unlike variations for each trait. This happens to be a very 
efficient firs^ cross. 

Results of Cross 1: 

vial-B 

I Parents: m vA YS il f vA AQ ii | 
I Traits: EYES WINGS j 

I 



1 SEX 


# 


EYES 


WINGS 


1 f 


7 


APRICOT 


SHORT 


1 m 


10 


APRICOT 


QUILTED 


1 f 


13 


YELLOW 


SHORT 


1 m 


8 


YELLOW 


QUILTED 



Questions to f,-[]rlr ^ <!^..^^^«..^ 

Explanat-^onc; • 

1. Why did you do this particular cross? 

2. Could have performed other crosses that would have been equally 
useful? ^ 

3. What makes a cross useful? 

Redescribe cross results: Two of the three variations for the EYES trait 
nerv!r^f-^°'\°^ the variations for the WINGS trait appeared. There are no 
new variations for either trait. This is important since if new variations 
for e .her trait had appeared it would have meant that our initial hypotheses 



is 
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were wrong. 



Questions to Elicit a Student* 3 Explanations . 

1. Why was it iuportant to note that there are lio new variations for 
either trait? 

2. Why is it important to redescribe the data after each new cross? 

Explain Cross Results: It is possible to solve for both traits at the 
same time although it is acceptable to solve for one trait at a time. Since 
the EYES trait >as assumed to be codominant, it is possible, using these cross 
results, to assume that either Apricot or Yellow is the heterozygous condition 
and the other is a homozygote. This assumption can be explained by invoking a 
codominance Expression Chart. The fxinction of the chart is to initiate 
genotypic thinking, in addition to the phenotypic level of traits and 
variations. An Expression Chart for codominance is: 



Genotype: Phenotype: 

AA Variation 1 

AB Variation 2 

BB Variation 3 



In addition, in ordei- to fully explain these results at the level of allelic 
symbols, it is necessary to have general information about what it means to do 
a cross, including that: 

1. in codominance or simple dominance each variation is represented by 
a pair of ^.etters; 

2. this pair of letters is conserved from parents :o offspring; 

3. each parent donates one of their letters for a given trait to each 
of their offspring; 

4. a Punnett Square can be used to represent cross results. For the 
above genotypes (assumiag codominance) using a Punnett Square it is 
known that: 

1. AA X AA - AA (Variation 1) 

2. BB X BB - B3 (Variation 3) 

3. AA X BB - AB (Variation 2) 

4. AB X AB - (Variation 1); AB (Variation 2); 

BB (Variation 3) 

5. AB X AA - -^JV (Variation 1); AB (Variation 2) 

6. AB X BB - AB (Variation 2), BB (Variation 3) 

Therefore the results of Cross 1 can be explained using Cross #5 cr Cross #6. 

The second trait, assuming simple dominance, can be explained if one 
parent was heterozygous and the second was homozygotis recessive. This 
explanation requires that a student understand dominance (that anytime one 
allele, called the dominant, is present the individual will h*ive a particular 
variation) and recessive (that the recessive variation will not be exhibited 
if there is a dominant allele combined with it, the recessive variation will 
only be expressed in the homozygous condition). Understanding that: 

1. homozygous means two of the same letters; 

2. it is pcssible to be homozygous dominant or homozygous 
recessive ; 

3. heterozygous means having one of each letter, and, 

4. in simple dominance it is only poi^sible to be heterozygous dominant, 
fac'litatec explanation. As was the case with codominance there is an 



Expression Chart for Simple Dominance. It is as follows: 



Genotype : Phsnotype : 

AA Variation 1 

Aa Variation 1 

aa Variation 2 



Likewise, there are Cross Equations that can be manipulated in a Punnett 
Square that serve the same fxmction as those for codominance* They are: 

1. AA X AA - AA (Variation 1) 

2. aa X aa - aa (Variation 2) 

3. A/. X Aa - AA (Variation 1); Aa (Variation 1) 

4. AA X aa - Aa (variation 1) 

5. Aa X Aa - AA (Variation 1); Aa (Variation 1); 

aa (Variati a 2) 

6. Aa X aa - Aa (Variation 1): aa (Variation 2) 

The Cross Equation that couid be used to explain the results of Cross 1 is #6. 
At this point no more can be sa d about the two traits. The result of this 
explanation is that it has reduced the search space. 

To this point the explanatluA of the cross has involved accurate 
definitions of concepts and the explanation of the cross results at the level 
of syabols this is lAat Mendel did, so it should not be taken lightly. 
Howi/ver, it is possible to provlA c more causal explanation in terns of 
aelosis and fertilization. What ti:is does is exrend the discussion about: 
the separation of symbols (segregation) discussed above; the fact that we 
considered the two traits separately (independent assortment); and, the use of 
the Pucnett Square from the level of the abstract, non-causal to a 
connideration of segregation and independent assortment at the level of genes 
and chromosomes (Meiosis) and fertilization (represented by a Punnett square). 
Diagrams are an appropriate way to make explanations graphically explicit at 
this level. See the next tiro Figures. 




An Abstract Representation of Meiosis fcv a Monohybrid Cross 



Abstract Cell wit h two 
Chromosomes (A a) 




Chromosomes Replicate 



Cell Division 1 



Cell _ I 

Division 2 >l 



Gametes 



1^3 



An Abstract Representation of Meiosis for a Monohybrid showing 
Sex Linkage (in male only). Uhat happens in fenale is the 
sane as the MonoL/brid but with no Linkage representation. 



X Ctiromosome 



>|A 



Y Chromosome 



Chromosomes Replicate 



Cell Division 1 



Cell 

Division 2 > 



Gametes 




Questions to Eltcit a Student's Explanations ; 

1. What do you mean when you use the terras genotype, phenotype, 
heterozygous, and homozygous? 

2. What do the letters that you are using represent? 

3. How do you know which letters the offspring could have? 

4. When you are working with both traits at the same time, why isn't it 
possible to have both A's from one parent around the outside, of your 
Punnett Square? 

5. What value is there in using a Punnett Square? Does it represent 
anything that goes on in the real world of organisms? 

6. Could you explain what gametes have to do with your solution? What 
do you mean by gamete? Is it possible for you to point to anything 
in your solution that represents a gamete? 

7. What do you mean by the terms gene and allele? Are genes and 
alleles related in any way? How? 

8. Are f ■ omosom*5s at all related to your solution? How? 

9. Is there any way of knowing how many chromosomes the organisms in 
this problem have? How many of their total chromosomes do you think 
are involved in this problem? 

10. Is it possible for you to draw a picture of how you imagine the 
chromosomes in this problem look? 

11. Could you put the letters that you have been using in your problem 
solution on your chromosome drawings? 

12. Can you demonstrate how these diagrams, witti the letters on them go 
^'^ n"^. parents that you chose for your cross to their offspring? 

13. Could you explain what meiosis has to do with your solution? 

14. Suppose your were told that other students drew the following 
chromosome/gene models that differ from yours, what do you think 
they do not know about genetics? If you were a teacher how would 
you try to straighten out their understanding? 

15. Could you explain how meiosis is related to your problem solution? 
16 What are the different genotypes that can exist in simple dominance 

in codominance? 

17. How many phenotypes are passible in simple dominance, in 

codominance? How can these different phenotypes be matched to the 
genotypes that you hava just described? 

^ ^o^'^^f^"' ""^"8 letters that you have been using, how the 
two EYES variations that you crossed could have produced the 
resulting offspring? Can you do the same thing for the WINGS trait? 
Are there any other possible genotype that the parents could have 
had that would have produced the same offspring phenotypes? 

. ^''"f : ^^^^^ ^"^^^ * good cross as long as 

it can be explained, even though it maKes more sense from the standpoints of 
efficiency and emulating what a geneticist does to take advantage of 
information that has been inferred, from the results of previous crosses 
about the genotypes of individuals or classes of individuals. It is in Cross 
Planning where a solver takes advantage of gained information. When asked to 
explain why Cross 2 was done, a mature solver would respond that: given the 
Cross Equations for codominance, it makes sense to cross individuals of the 
same phenotype from the offspring Vial B since it is possible to predict that 
crosses among lx<es would give only offspring with the same phenotype as the 
parents and thus are likely homozygotes. If this is the case then the other 



variation in Vial B is likely the heterozygote and the variation missing from 
Vial B is the second homozygote. If the cross produces offspring with all 
three variations, then the parental variation is the heterozygote and the 
other two variations are homozygotes . With this information, it is easy to 
assess the results of the second cross and to plan additional confirmatory 
crosses. The WINGS trait will be considered later. The results of the second 
cross are as follows: 

Results of Cross 2: 

vial-C 

I Parents: m vB AQ il f vB AS il | 
j Traits: EYES WINGS I 



SEX 
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WINGS 
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f 


1 
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GARNET 
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2 


APRICOT 


QUILTED 
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APRICOT 


QUILTED 
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3 


YELLOW 


QUILTED 


m 


1 


YELLOW 


QUILTED 


f 


1 


GARNET 


QUILTED 


m 


3 


GARNET 


QUILTED 



Questions to Flicit a St udent's Understanding ; 

Redescribe Cross Restats: When an Apricot Short individual was crossed 
with an Apricot Quilted individual (br ^ from Vial B) , all three EYES 
variations and both WINGS variations . suited. There are no missing phenotype 
by sex classes. 

Explain Cross Results: Given these cross results, it is possible to be 
confident that the EY2S trait is codominant and that the apricot variation is 
the heterozygous, aud that the yellow, and garnet variatioi:^ are homozygous. 
The reason for this is that two apricots when crossed producer' offspring with 
all three variations. This can be explained with the abstract Cress Equation 
AB X AB - AA, AB, and BB. The AB genotype is the class of apricot-EY£d 
organisms. Nothing new is known about the second trait. 

Plan Cross: It is now important to plan a cross that will provide 
additional information about the WINGS trait. Therefore a cross between two 
like individuals from Vial C is tiseful. The utility of this cross lies in the 
interpretation of Cross Equation #2. A cross between unlike parents that 
results in offspring with the variations of each parent means that the 
offspr-'ng with one variation are homozygous recessive and the offspring with 
the second variation are heterozygous. Thus, the third cross is either Cross 
Equatlrn #2 or #5 (from above). The following cross was done to satisfy the 
Cross Planning. 



!les\ilts of Cross 3: 



vial-D 

I Parents: m vC GS ii f vC GS il 

I Traits: EYES WINGS 

I SEX # EYES WINGS 



I f 13 GARNET SHORT 
I m 2 GARNET SHORT 
I m 5 GARNET QUILTED 



Redescrlbe Cross Results: Two Garnet- EYEd individuals produced only 
Garnet- eyed individuals and two Short-WINGed individuals produced offspring 
with both short and quilted EYES. Note that there are no Garnet Quilted 
f^^ales. This is noted because of a possible connection to the Redescription 
ot the initial vial in which sex-linkage was noted as something to watch for. 

Explain Cross Results: The results of the cross of the two Gamat in- 
dividuals is consistent with the information that all Garnets* s must be 
homozygous. For the EYES, trait since two like individuals were crossed and 
the offspring were of two variations this is a good indication (given simple 
dominance) that the two short individuals were heterozygous (therefore short 
is ae to a dominant allele). The results can be explained by the Cross 
Equation Aa x Aa - Aa and aa. Since a sex class with a missing variation is a 
good indicator of sex I okage it i3 reasonable to see if these results could 
be explained by some sex link cross. The first task is to decide on which (or 
both of) the traits might be sex linked. It is relatively easy to be sure 
that the EYES trait is not sex linked as both male and female offspring of 
each variation exist. In order to explain this and to begit: to explore tb 
possibijuity that the WINGS trait might be sex linked it is useful to consider 
a symbolic Expression Chart for sex linkage. Such an Expression Chart is 
illustrated below and presumes that the solver's knows that: 

1. sex linkage implies that the allele letters are linked to the X 
chromosome ; 

2. the chromosomal make up of females is XX and that of males is XY; 

3. the Y chromosome contains little active genetic material; 

4. Therefore a single dose of an allele causes the expression of the 
appropriate phenotype in males. There are no heterozygous males in 
sex linkage. 



1^7 



Genot3rpe : 



Phenotype: 
Simple Dominance Codominance 



(F) Variation 1 (F) Variation 1 

X* (F) Variation 1 (F) Variation 2 

X X (F) Variation 2 (F) Variation 3 

X^ Y (M) Variation 1 (M) Variation 1 

X^ Y (M) Variation 2 (M) Variation 3 

Cross Equations for sex linkage will also be part of an explanation. These 
rules which can be used to explain or to predict are: 

1. xA X Y « and X^ Y (uninteresting) 

2. x; X^ X X^ Y - Xf X^ and X^ Y (uninteresting) 

3. XA XA X X^ Y « XA x^ and X^ Y (uninteresting) 

4. X^ X^ X X^ Y r X^; X^ X^; and X^ Y; X^ Y 

. . (uninteresting) 

5. X* X^ X X^ Y « X^ X* and X^ Y (interesting, one 

A ^ A A A * variation for each sex) 

6. XA X^ X XA Y « XA xA; X^ X^; and X^ Y; X^ Y (interesting, 

since only one variatioi 
for the female) 

The reason that some crosses are uninteresting is that they cannot be used to 
distinguish between a sex linkage and a non-sex linkage situation. Now the 
task is to explain the results cf crossing two like parents where the 
offspring have both variations, and where there are no females of the 
variation not exhioited in the parents. Producing offspring with two 
variations can be explained if the short variation is due to the dominant 
allele and the two parents were heterozygous (Simple dominance Cross Equiition 
#5). There is also a strong possibility that sex linkage is involved as the 
missing female variation can be explained using sex linkage Cross Equation #6. 
A solution is close at hand, yet another cross to further explore the 
tentative solution Just described is warranted. 

Plan Cross: A cross that helps to confirm that the EYES trait is 
codominant and that the WINGS trait is simple dominant (with short due to a 
dominant allele) would be to cross a recessive female (any Quilted individual) 
with a Short male (if sex linkage is operating then any dominant male will 
only have a single dominant allele) . See the expression chart kbove for 
clarification and see Sex Linkage Cross Equation #5 for the cross that is 
being plane a to test for sex livikage. If sex linkage is involved there will 
be short females and quilted males, and nothing else in the offspring The 
cross that results is as followr : 



Results of Cross 4: 

vial-E 

(Parents: m vD GS il f vA GQ 
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I Traits: EYES WINGS 

I SEX # EYES WINGS 



I m 8 GARNET QUILTED 
I f 14 GARNET SHORT 



Redeserlbe Cross Results: 
Short males. 



There were Garnet Quilted females and Garnet 



hvno^w^f^? ^""lu" "* consistent with the codominance 

hypothesis for the EYES trait Garnet was assumed to be one of the two 
homozygotes therefore only Garnet offspring would be expected. The hjmothesis 
of sex linkage receives additional support since the prediction made in the 
Cross Plan was confirmed. One additional cross might be done to further 
Confirm the hypotheses. 

Plan Cross: If Apricot is the heterozygous variation then a cross 
between two apricot parents should result in offspring with all three EYES 
variations A check of the sex linkage hypothesis would be to repeat Cross 
Jr*^i°V5 fl^"* different individuals. If sex linkage is involved it would 
De axpected (for the same reasons given above) that there would only be 
recessive males (quilted) and dominant females (short). The results of rhe 
cross follow: 



Results of Cross 5: 



Parents : 
Traits : 



vial-F- 

m vC AS ii 
EYES WINGS 



f vA AQ il 



SEX 


# 


. EYES 


WINGS 


m 


7 


YELLOW 


QUILTED 


f 


10 


APRICOT 


SHORT 


f 


3 


YELLOW 


SHORT 


Q 


5 


GARNET 


QUILTFD 


f 


4 


GARNET 


SHORT 


f 


4 


APRICOT 


QUILTED 



•n,. rf^Si? Cross Results: This cross was done as a check on the last one. 
The results were the same - all of the males were quilted and all of the 
females were short. This can be explained in the same way as was the results 
ot cross 4. At this point the problem can be considered solved. It should be 
noted that it Is normally a good idea to check for autosomal linkage at the 
end of a problem if it hasn't been considered along the way. Sthis 
^uJ^f r,?''!^^*""' there is no need to check if the solvei knows that 
autosomal linkage means that the genes for two traits are located on the same 
pair of autosomal chromosomes. (However, if such a check were to be Tne tL 
last four Figures show the appropriate abstract meiotic mechanisms), sin^e it 

^on^^^??/"T^^f '^r* ^° P*^' °f t:his problem, one 

» ! WINGS trait, and since It ^as 

-nd ^if?'!? * ^" WINGS ^'"^ ^^""^^^ t° X chromosotie 

and that the genes for the EYES trait could not be on the X chromosome there 
IS no reason to pursue the hypothesis of autosomal linkage. 
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It has been assumed throughout that the solv : understands that: 

1 symbols disjoin so that only one goes to each gamete (sperm or egg). 
2. The causal mechanism underlying the law of segregation is meiosis. 
To exolain this involves the following information: 

1. Letters represent genes/alleles 

2. fiach cell in the parent has two letters (genes/alleles) 

3 Different combinations of letters can produce different phenotypes 
(the expression charts). 

4. Gene/allele are on chromosomes 

5. Chromosomes come in pairs (homologous pairs). 

6. One member of each gene pair is on each homologous chromosome. 

7. Meiosis can be graphically represented as in Figures the last four 
figures. 




An Abstract Representation of Meiosis for a Dihybrid Problem 
in which there is Incoaplete Autosomal Linkage. 

Abstrace Cell With Four 

Chromosomes (A a B b) >| |a| |a| | 

i i II I 

II II I 

II II I 

|B| |b| I 



Chromosomes Replicate >J 

I 
I 



|A| |A| 
I I II 
I 1*1 I 
I I I I 
|B| |B| 



|a| |a| 
I I I I 
I 1*1 I 
I I I I 
|b| |b| 



Same as above but afte: 
a cross -over evens 



>l |A| |A| 

I I I I I 
I I 1*1 I 



a a 



I I 



I I I I I Cross I I I I I 
I |B| |b|< >|B| ;b| I 
I Over I 



Cell Division 1 ^> 



Cell I 
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Gamete: >j 



|B| 



|A| |A| 
I I I I 
I 1*1 I 
I I I I 
ni |b| 



|a| |a| 
I I I I 
I 1*1 I 
I I I I 
|B| ib| 



... , 






|A| 1 
1 1 1 

1 1 ! 


1 Ia| 1 
1 1 1 1 


1 Ia| 1 
1 II 1 


1 1 1 

|b| 1 


1 1 1 1 
1 1 1 1 
1 |B| 1 


1 1 1 1 
1 1 1 1 
i Ib| 1 


... , 
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An Abstract Riapreaentation of Mei# lis for a Dihybrld Problem 
in which there is Coaplete Autosomal Linkage. 
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Chromosomes (A a B b) "~ 
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1 1 1 1 
1 Ib| 1 
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1 --- 1 1 
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An Abstract Representation of Meiosls for a Dihybrld problem 
In which there is no Linkage. 



Abs trace Cell With Four_ 
CliroBosones (A a B b) 




Chromosones Replicate 
A's and £'s could be 
alij^d differently 
since the process of 
allgoKint is a random 
one. The alternate 
alignment would provide 
2 additional classed of 
gametes . 



Cell Division 1 



|A| |A| 
I I I I 
I 1*1 I 
I I I I 
I I I I 



|bi |b| 
I 1*1 I 
MM 
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